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Pervaporation is an emerging membrane separation process which is effective and 
economically feasible for the separation of azeotropic mixtures or close boiling point 
mixtures. The purpose of this work is to identify important factors in pervaporation 
transport process, to fabricate high-performance pervaporation dehydration 
membranes through phase inversion method, and to investigate the effects of 
modifications on membrane performance. Emphases were put on the separation of 
isopropanol (IPA)/water mixture because of the high market value of IPA. 
 
This study firstly investigated the permeation behavior of IPA/water mixture through 
two commercial Sulzer membranes, i.e., PERVAP 2510 and PERVAP 2201. It was 
found that permeance and selectivity instead of flux and separation factor evidently 
reflected the intrinsic properties of pervaporation membranes such as degree of cross-
linking and hydrophilicity, and revealed the coupled transport between IPA and water. 
The comparison of separation performance of IPA and butanol isomers showed that 
the magnitude of coupled transport mainly depended on the molecular linearity (or 
the aspect ratio) of penetrant molecules and their affinity with water which was 
represented by solubility parameters and polarity parameters.  
 
This study was extended to the development of asymmetric membranes with superior 
selectivity and relatively high flux for pervaporation dehydration of IPA from BTDA-
TDI/MDI (P84) co-polyimide by a dry-wet phase inversion method. The best 
separation performance had a flux of 432g/m2hr and a separation factor of 3508 at 
60°C for a feed stream containing 85wt% IPA. The membrane showed imperceptible 
 x
degree of swelling even at high feed water concentrations. The effects of non-solvent 
additives on membrane formation and performance were examined. Heat treatment at 
elevated temperatures effectively smoothened membrane skin layer and enhanced 
membrane performance because of the more compact polymeric chains and the 
reduced membrane defects, as shown by XRD, FESEM, AFM, and gas permeation 
tests.  
 
Additionally, an in-depth study of sorption, swelling, and permeation of aqueous 
ethanol, IPA, and tert-butanol through P84 co-polyimide membranes had been 
conducted. The superior separation performance toward aqueous IPA and tert-butanol 
mixtures mainly arose from four factors: (1) rigid P84 chains with a small d-space, (2) 
the lesser affinity between P84 and IPA as well as between P84 and tert-butanol, (3) a 
high sorption selectivity, and (4) steric hindrance induced by bulky IPA and tert-
butanol molecules. In contrast, P84 membranes exhibited more severe chain swelling 
and relaxation in ethanol/water solutions.  
 
This study was further extended to the investigation of the effectiveness of chemical 
cross-linking modification using diamine compounds for P84 co-polyimide 
membranes. Two diamine cross-linking agents; namely, p-xylenediamine and 
ethylenediamine (EDA) were used. ATR-FTIR, XPS, XRD, FESEM, contact angle 
measurement, nano-indentation tests were carried out to characterize the changes of 
surface chemistry, morphology, mechanical properties of cross-linked membranes. 
UV-Vis spectroscopy was used to identify charge transfer complexes (CTCs) 
formation of the cross-linked membranes after post heat treatment. The cross-linking 
reaction induced by EDA was much faster than that by p-xylenediamine. On the other 
 xi
hand, membranes cross-linked by p-xylenediamine were thermally more stable than 
that by EDA. For pervaporation dehydration of IPA, an increase in the degree of 
cross-linking initially resulted in an increase in selectivity with the compensation of 
lower permeance. However, further increase in the degree of cross-linking might 
swell up the polymeric chains because of the hydrophilic nature of diamine 
compounds; this resulted in decreased separation performance. Cross-linked 
membranes had significantly enhanced formation of CTCs after heat treatment 
compared to membranes without cross-linking, while the selectivity of cross-linked 
membranes increased after heat treatment.  
 
Lastly, we developed zeolite 5A and 13X embedded P84 co-polyimide membranes 
with enhanced permeability and selectivity for the pervaporation dehydration of IPA. 
A higher annealing temperature, i.e. 250°C was more favorable to improve adhesion 
between zeolite and polymer phase with enhanced charge transfer complexes (CTCs) 
formation. FESEM, DSC and gas permeation results showed that zeolite 13X had 
better compatibility with the matrix polymer than zeolite 5A. The addition of zeolite 
into the P84 dense membrane improved water sorption capacity and considerably 
increased both permeability and selectivity. Zeolite 13X incorporated P84 membranes 
had a higher permeability and a comparable selectivity compared to zeolite 5A filled 
membranes. Pervaporation permeability increased with zeolite 13X loading, while the 
selectivity achieved the maximum at 30wt% zeolite 13X loading. When the zeolite 
13X loading approached 40wt%, the adhesion between zeolite and polymer became 
poor and the membrane selectivity declined. A comparison between pervaporation 
and gas separation results revealed that pervaporation membranes could tolerate a 
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Pervaporation is an emerging membrane separation process which is effective and 
economically feasible for the separation of azeotropic mixtures or close boiling point 
mixtures. The purpose of this work is to identify important factors in the 
pervaporation separation process, to fabricate high-performance pervaporation 
dehydration membranes through phase inversion method, and to investigate the 
effects of modifications on membrane performance. Emphases were put on the 
separation of isopropanol (IPA)/water mixture because of the high market value of 
IPA. 
 
This study firstly investigated the permeation behavior of IPA/water mixture through 
two commercial Sulzer membranes, i.e., PERVAP 2510 and PERVAP 2201. It was 
found that permeance and selectivity instead of flux and separation factor evidently 
reflected the intrinsic properties of pervaporation membranes such as degree of cross-
linking and hydrophilicity, and revealed the coupled transport between IPA and water. 
The comparison of separation performance of IPA and butanol isomers showed that 
the magnitude of coupled transport mainly depended on the molecular linearity (or 
the aspect ratio) of penetrant molecules and their affinity with water which was 
represented by solubility parameters and polarity parameters.  
 
This study was extended to the development of asymmetric membranes with superior 
selectivity and relatively high flux for pervaporation dehydration of IPA with BTDA-
TDI/MDI (P84) co-polyimide by a dry-wet phase inversion method. The best 
separation performance had a flux of 432g/m2hr and a separation factor of 3508 at 
60°C for a feed stream containing 85wt% IPA. The membrane showed imperceptible 
degree of swelling even at high feed water concentrations. The effects of non-solvent 
additives on membrane formation and performance were examined. Heat treatment at 
elevated temperatures effectively smoothened membrane skin layer and enhanced 
membrane performance because of the more compact polymeric chains and the 
reduced membrane defects, as shown by XRD, FESEM, AFM, and gas permeation 
tests.  
 
Additionally, an in-depth study of sorption, swelling, and permeation of aqueous 
ethanol, IPA, and tert-butanol through P84 co-polyimide membranes had been 
conducted. The superior separation performance towards aqueous IPA and tert-
butanol mixtures mainly arose from four factors: (1) rigid P84 chains with a small d-
space, (2) the lesser affinity between P84 and IPA as well as between P84 and tert-
butanol, (3) a high sorption selectivity, and (4) steric hindrance induced by bulky IPA 
and tert-butanol molecules. In contrast, P84 membranes exhibited more severe chain 
swelling and relaxation in ethanol/water solutions.  
 
This study was further extended to the investigation of the effectiveness of chemical 
cross-linking modification using diamine compounds for P84 co-polyimide 
membranes. Two diamine cross-linking agents; namely, p-xylenediamine and 
ethylenediamine (EDA) were used. ATR-FTIR, XPS, XRD, FESEM, contact angle 
measurement, nano-indentation tests were carried out to characterize the changes of 
surface chemistry, morphology, mechanical properties of cross-linked membranes. 
UV-Vis spectroscopy was used to identify charge transfer complexes (CTCs) 
formation of the cross-linked membranes after post heat treatment. The cross-linking 
reaction induced by EDA was much faster than that by p-xylenediamine. On the other 
hand, membranes cross-linked by p-xylenediamine were thermally more stable than 
that by EDA. For pervaporation dehydration of IPA, an increase in the degree of 
cross-linking initially resulted in an increase in selectivity with the compensation of 
lower permeance. However, further increase in the degree of cross-linking might 
swell up the polymeric chains because of the hydrophilic nature of diamine 
compounds; this resulted in decreased separation performance. Cross-linked 
membranes had significantly enhanced formation of CTCs after heat treatment 
compared to membranes without cross-linking, while the selectivity of cross-linked 
membranes increased after heat treatment.  
 
Lastly, we developed zeolite 5A and 13X embedded P84 co-polyimide membranes 
with enhanced permeability and selectivity for the pervaporation dehydration of IPA. 
A higher annealing temperature, i.e. 250°C was more favorable to improve adhesion 
between zeolite and polymer phase with enhanced charge transfer complexes (CTCs) 
formation. FESEM, DSC and gas permeation results showed that zeolite 13X had 
better compatibility with the matrix polymer than zeolite 5A. The addition of zeolite 
into the P84 dense membrane improved water sorption capacity and considerably 
increased both permeability and selectivity. Zeolite 13X incorporated P84 membranes 
had a higher permeability and a comparable selectivity compared to zeolite 5A filled 
membranes. Pervaporation permeability increased with zeolite 13X loading, while the 
selectivity achieved the maximum at 30wt% zeolite 13X loading. When the zeolite 
13X loading approached 40wt%, the adhesion between zeolite and polymer became 
poor and the membrane selectivity declined. A comparison between pervaporation 
and gas separation results revealed that pervaporation membranes could tolerate a 




INTRODUCTION OF PERVAPORATION MEMBRANES 
 
1.1 General Introduction of Membrane Separation Processes 
 
A membrane is an interphase placed between two phases which can selectively 
transport certain molecules while keeping other molecules and therefore achieve 
separation (Mulder, 1996). During the past several decades, large-scale membrane 
processes have replaced many conventional separation processes owing to their 
effectiveness, efficiency, energy and cost-saving aspects. The applications of 
membrane separation processes include seawater desalination, ultra-pure water 
production, municipal and industrial waste stream treatment, purification of food and 
pharmaceutical products, fuel cells, controlled drug delivery and blood detoxification 
in hemodialysis. The overall membrane market was greater than US$ 4 billion in 
1998 and increases steadily at 8-10% per year (Strathmann, 2001). New 
developments in membrane science and technology have significant impact in 
industries technically and commercially, and therefore remain in the frontier of 
researches. 
 
The selective transport of certain species across the membrane is determined by the 
driving force difference across the membrane, the mobility and concentration of each 
species in the membrane. The driving force across the membrane can be chemical 
potential gradient (i.e. concentration gradient or pressure gradient), or electrical 
potential gradient. Based on the driving force and the size of the molecules to be 
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separated, membrane separation processes can be categorized into microfiltration, 
ultrafiltration, nanofiltration, reverse osmosis, dialysis, electrodialysis, gas separation, 
pervaporation, and membrane distillation, as shown in Table 1.1.  
 
Among these membrane separation processes, pervaporation is relatively new and has 
attracted more and more attention due to its energy saving aspects and effectiveness 
(Bravo et al., 1986) in separating azeotropic mixtures, close boiling point mixtures, 
isomers and heat-sensitive mixtures. Azeotropic mixtures have the same composition 
at both liquid and vapor phases and therefore the separation requires special processes 
such as rectification with entrainer, molecular sieve absorption or liquid-liquid 
extraction which are very expensive and usually involve secondary treatment. As an 
alternative to traditional separation processes, pervaporation can effectively break the 
azeotropes by altering the liquid-vapor phase equilibrium with a selective dense 
membrane. The “pervaporation” is termed from “permselective evaporation” because 
of the unique phase change, i.e. the feed liquid changes to permeate vapor across the 







Table 1.1 Industrial membrane separation processes (Strathmann, 1981; Strathmann, 
2001; Curcio and Drioli, 2005) 
 
Membrane 
separation   
process 





membrane, 0.1 to 10 











membrane, 0.01 to 




















membrane 0.001 to 






















of particle and 
size 
Desalting of ionic 
solutions 






Separation of gas 
mixtures 




























1.2  Overview of Pervaporation Membrane Separation Processes 
 
Pervaporation is a membrane process that uses membrane as a barrier to separate 
solvent mixtures. The feed liquid mixture is in contact with one side of the membrane. 
One of the components in the feed mixture permeates through the membrane 
preferentially, and then evaporates as a low-pressure vapor at the other side of the 
membrane. The permeate vapor can be condensed or can be discharged according to 
different requirements (Crespo and Böddeker, 1995; Feng and Huang, 1997; Moon et 
al., 1999). The distinct difference between pervaporation and other membrane 
processes is the phase change across the membrane (Yu et al., 2002). 
 
1.2.1  Classifications of pervaporation membrane separation processes 
 
The driving force for mass transport through the pervaporation membrane is the 
chemical potential gradient, i.e. partial pressure gradient (fugacity). Based on the 
different approaches to achieve the partial pressure difference, pervaporation can be 
classified into three categories (Baker et al., 1991; Feng and Huang, 1997): 
 
(1) Vacuum pervaporation  
Vacuum is applied on the permeate side by a vacuum pump to lower the partial vapor 
pressure on the permeate side of the membrane. This is the most convenient method 
which is widely used in the laboratory. The vacuum on the permeate side should be 
maintained sufficiently lower than the dew point to avoid condensation. This is 
because any formation of a permeate liquid film in the substructure pores would 
inhibit the driving force (Atra et al., 1999). A condenser to cool the permeate vapor to 
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liquid is often used in commercial scale applications while a liquid nitrogen cold trap 
together with a vacuum pump are used in laboratory to maintain the vacuum. Figure 







Figure 1.1 Schematic diagram of vacuum pervaporation 
 
(2) Sweep gas pervaporation 
Lower partial pressure at the permeate side can also be achieved by sweeping the 
permeate side of the membrane with a carrier gas. Molecules desorbed from the 
permeate side of the membrane are removed by the gas flow. This mode of operation 
is normally of interest when the permeate gas has no value and can be released 















The temperature difference between the hot feed mixture and cold permeate creates a 
fugacity difference, and this is the driving force for this process. Usually, 
thermopervaproation is combined with the other two processes in order to increase 
the partial pressure difference across the membrane. 
 
1.2.2 Performance characterization of pervaporation membranes  
 
Permeability and selectivity are two important factors to characterize the productivity 








QJ ×==                                                                              (1.1)                       
where Q is the weight of the permeant, A is the effective membrane area (m2), and t is 
the operating time interval for the collection of the permeant (hr). 
 
(ii) Separation factor 
Separation factor α is defined as the concentration ratio of two components i and j in 
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Because the separation factor α is a ratio of ratios, its numerical value is independent 
of the concentration units used. The unity value of α indicates there is no separation 
occurs; the infinity value of α suggests the membrane is perfectly ‘semipermeable’”.  
 
(iii) Enrichment factor 
Some researchers defined the enrichment factor η to represent membrane selectivity, 
which is the ratio of concentrations of the preferentially permeating component i in 






C=η                                                                                                                     (1.3) 
Enrichment factor is more favorable when dealing with very dilute feed solutions. 
 
(iv) Pervaporation Separation Index (PSI) 
Because of the trade-off between flux and separation factor, that is, the flux and 
separation factor usually perform in the opposite way, Huang and his coworkers 
(Huang and Yeom, 1990) introduced pervaporation separation index (PSI) to evaluate 
the overall performance of a membrane. PSI was initially defined as the product of 
permeation flux and separation factor: 
α⋅= tJPSI                                                                                                                (1.4) 
where Jt is the total permeation flux, and α is the separation factor. However, in this 
definition, the PSI can be large if the membrane has a high flux even when α is equal 
to 1. Later the definition of PSI was modified as the product of Jt and (α – 1) (Huang 
and Feng, 1993). 
 
(v) Sorption selectivity 
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/α                 (1.5) 
where C is the weight fraction of sorbed components in the membrane. The 
differences in both diffusion and sorption contribute to the overall selectivity of the 
membrane (Mulder et al., 1985).  
 
(vi) Permeance/permeability and selectivity 
Flux and separation factor are obtained directly from experimental results. However, 
the two parameters depend greatly on operating conditions and the comparison of 
data must be made under identical experimental conditions. In addition, the prediction 
of membrane performance at operating conditions different from the experiments is 
difficult since these two parameters do not represent the intrinsic membrane 
properties. 
 
Wijmans and Baker (Wijmans and Baker, 1993) provided a simple treatment of the 
permeation process in pervaporation. By assuming a feed vapor phase which is 
thermodynamically equivalent to the feed liquid, the driving force for pervaporation 
can be expressed as a vapor pressure difference. The basic pervaporation transport 
equations based on the solution diffusion model are given as (Wijmans and Baker, 








PJ −=−=                  (1.7) 
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where P1 and P2 are the membrane permeability for each component, which are the 
product of the solubility and diffusivity. Subscripts 1 and 2 correspond to two 
permeating components, while superscripts f and p correspond to the feed and 
permeate. l is the membrane dense layer thickness. p denotes the partial vapor 
pressure. P is the permeance which is used for asymmetric or composite membranes 
because for these membranes the effective membrane thickness is usually unknown. 
The membrane selectivity is defined as the ratio of permeability or permeance. 
 
The employing of permeance/permeability and selectivity excludes the effects of 
operating conditions and reveals the intrinsic properties of membrane (Wijmans, 
2003). It was only recently that Guo et al studied the differences in using flux or 
permeance and separation factor or selectivity in interpreting membrane performance 
for dehydration butanols through a commercial membrane (Guo et al., 2004a). 
However, most reports were still using flux and separation factor to describe the 
performance of pervaporation membranes.  
 
1.3  Historical Development of Pervaporation Membrane Separation 
Processes 
 
The concept of “pervaporation” was initially introduced by Kober in 1917. He 
reported the fast evaporation of water from aqueous solutions through a collodion 
(cellulose nitrate) bag (Kober, 1917).  In 1935, Farber made the earliest attempt to 
concentrate protein solution by pervaporation (Farber, 1935). It was 1956 when 
Heisler et al. published a first quantitative study of pervaporation separation of 
aqueous ethanol mixture by a cellulose membrane (Heisler et al., 1956). From that 
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time, the research on pervaporation really started. Owing to the interest of 
petrochemical industry for separation of hydrocarbon mixtures, Binning and 
coworkers systematically conducted a series of research using ethyl cellulose 
membranes and slightly cross-linked polyethylene membranes for the separation of n-
heptane and iso-octane mixture (Binning and Stuckey, 1960; Binning et al., 1961). 
They also applied a cross-linked poly(vinyl alcohol) (PVA) membrane for the 
separation of water from organic chemicals (Binning et al., 1962). Binning and 
coworkers established the fundamentals of pervaporation and pointed out the 
commercial potential of pervaporation for the separation of azeotropes and other 
organic mixtures. Later Neel and his coworkers elaborated the importance of the 
interaction between permeants and the polymer and proved that the modification of 
pervaporation membrane materials by improving the preferential sorption of one 
component could favor the transport of that component (Aptel et al., 1972; Aptel et 
al., 1974; Neel et al., 1983). The oil and energy crisis in 1970s brought more and 
more attention to pervaporation because of the special needs for anhydrous ethanol as 
an alternative to fuel where pervaporation can be used to separate azeotropic mixture 
of ethanol/water. The first commercial membrane developed by Gesellschart für 
Trenntechnik (GFT, now belongs to Sulzer Chemtech) in 1980s for the dehydration 
of ethanol had a composite structure which consists of a dense cross-linked PVA as 
the selective layer, an untrafiltration poly(acrylonitrile) and a fabric non-woven as the 
support layer  (Feng and Huang, 1997). The earliest pilot plant was installed by GFT 
in Brazil (Neel, 1991). On the other hand, the removal of organics from polluted 
water and the recovery of expensive organics from waste streams were of great 
interest and these stimulated the research on organo-selective pervaporation which 
preferentially transfer organic compounds. In 1988, Membrane Technology and 
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Research Inc. (MTR) produced the first elastomeric composite membrane for the 
separation of volatile organic compounds from water (Kaschemekat et al., 1988).  
Nowadays, numerous commercial pervaporation plants have been established over 
the world. For examples, from 1984 to 1996, 38 solvent dehydration plants for 
ethanol and isopropanol, 8 units for other solvents dehydration (i.e. ester) and 1 unit 
for recovery and recycling of volatile organic compounds (VOC) from water were 
installed world widely (Jonquieres et al., 2002). Table 1.2 summarizes the scientific 
milestones in the development of pervaporation processes.  
 
Table 1.2 Scientific milestones in the development of pervaporation processes 
Scientist/company 
(Year) Event 
Kober (1917) Introduced the concept of pervaporation 
Heisler (1956) First quantitative study of pervaporation 
Binning (1958-1962) 
Established principles, achieved promising results on 
separation of hydrocarbon mixtures, methanol/benzene 
mixture, alcohols/water mixtures  
Neel (1965-1983) 
Proposed hypothesis that the preferential sorption of the 
membrane material favors the transportation of the 
component 
GFT (1982) First pervaporation ethanol dehydration pilot plant with a composite PVA membrane 
MTR (1988) First commercial membrane for organic removal 
 
 
1.4  Industrial Applications of Pervaporation Processes 
1.4.1  The importance of pervaporation as a separation process 
 
Pervaporation is ranked the third highest as a potential energy saving process in fluid 
separation techniques among the 31 techniques under evaluation (Bravo et al., 1986). 
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Compared to conventional processes (e.g. distillation) for azeotropic separation and 
recovery of high value added dilute solvent from water or other mixtures, 
pervaporation is very promising apart from its energy saving aspect. It is considered 
as a “clean technology”. While distillation utilize the composition difference between 
liquid and vapor phases to achieve separation by the driving force of thermal energy, 
no adequate separation can be performed if the components in the mixture have close-
boiling points or have the same composition in liquid and vapor phase (i.e. azeotropes) 
(Park, 1993). For these mixtures, energy consuming separation processes such as 
azeotropic distillation with entrainer or adsorption have to be applied. Alternatively, 
pervaporation provides an effective way to separate close-boiling point liquids and 
azeotropic mixtures. As shown in Figure 1.3, the comparison of ethanol concentration 
in the permeate streams of pervaporation and distillation shows that water is 
preferentially transported through pervaporation membranes especially at the 













Figure 1.3 Separation of ethanol/water mixture by distillation and a GFT’s polyvinyl 
alcohol pervaporation membrane (Baker et al., 1991) 
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Although pervaporation can replace all distillation units in principle, this is not 
always economically feasible. Currently, the pervaporation process is more 
economical in removal of small amount of impurities from a bulk solution. Therefore 
the best utilization of pervaporation is to combine it with a distillation system to 
replace the energy-intensive azeotropic distillation or the costly molecular sieve 
adsorption. In other words, use distillation to purify alcohol when water concentration 
is high, and use pervaporation to remove the rest of water at around azeotropic point. 
As Pearce showed in his report (Pearce, 1989), the production cost for 99% purity 
ethanol was reduced to more than 30% with an energy savings of 60% for a hybrid 
distillation and pervaporation system compared to conventional distillation 
technology. 
 
The applications of pervaporation processes are mainly divided into three areas: (1) 
dehydration of alcohols or other aqueous organic mixtures; (2) removal of volatile 
organics from water; (3) organic/organic separation.  
 
1.4.2  Dehydration of alcohols or other liquid organics  
 
Low molecular weight alcohols, ethers, and ketones are completely miscible with 
water and usually form azeotropes.  Dehydration of these solvents especially alcohols 
is the most important application of pervaporation due to the high demand of these 
solvents in industries and the difficulties to obtain the anhydrous form of these 
chemicals by traditional distillation technology. Alcohol dehydration has become one 
of the major applications of pervaporation. For example, anhydrous ethanol has 
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gained more and more interest as a biofuel. The concentration of ethanol from a 
fermentation broth is typically 8% to 12% by volume, which will be concentrated to 
near azeotropic point by distillation. Further dehydration to anhydrous form by 
pervaporation is more favorable and competitive than traditional azeotropic 
distillation with benzene trichloroethane or adsorption with desiccants (Scott, 1995). 
Isopropanol (IPA) is an important solvent in pharmaceutical and electronic industries. 
For example, the annual purchase of IPA by U.S. pharmaceutical manufacturers is 
ranked 8th of all the solvents purchased (USEPA, 1995). IPA is regarded as the best 
solvent which retain the biological activity of proteins to abstract pharmaceutical 
products, e.g. in a reversed-phase HPLC to desorb proteins (Carr, 2002). IPA also 
acts as a raw material to produce vitamin B12 and porphyrins (Kojima et al., 1993a; 
Kojima et al., 1993b). In semiconductor industries, IPA solutions are applied together 
with ultrasonic field to remove microscopic and submicroscopic contaminants from 
electronic circuits. As a cleaning agent, high purity (above 99.5%) IPA is used for the 
lens cleaning process in industries such as precision machinery, electronics (Kondo et 
al., 2003), and semi-conductor chips (Moon et al., 1999).   
 
The pervaporation membranes for alcohols dehydration will be reviewed in detail in 
section 2.2. 
 
1.4.3  Removal of volatile organics from water or solvent recovery  
 
There are a number of applications of pervaporation for removal of organics from 
water which aim on water purification, pollution control, solvent recovery and 
organic product recovery from fermentation process. Applications in this area include: 
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(1) Removal of trace amount volatile organic compounds (VOCs) from aqueous 
streams. The emission of VOCs from industrial and municipal wastewater streams are 
of great concern due to the toxic and carcinogenic effects of VOCs. VOCs includes 
solvents from petroleum industry, such as benzene, toluene, xylenes and substances 
which contain chlorine, such as chloroform, 1,1,2-trichloroethane (TCA), 
trichloroethylene (TCE), perchloroethylene, and chlorobenzene. Due to the low 
solubilities of these compounds in water, the concentration of these compounds in 
wastewater is low. Traditionally, carbon adsorption and air stripping were employed 
as treatment processes; however, these treatments merely transfer the contaminant 
from water phase to another phase and further treatment is necessary. In addition, the 
regeneration of activate carbon is costly. Pervaporation is promising for VOCs 
removal or recovery by achieving the separation through preferential sorption of one 
component in the membrane (Wijmans et al., 1993; Peng et al., 2003). (2) If the 
concentration of the organic is sufficiently high in the aqueous stream, the recovery of 
organics is valuable. It has demonstrated a stream containing 2% ethyl acetate was 
concentrated to 96.7%, which was reused in the feed stream (Blume et al., 1990). (3) 
Combining with a fermentation process, pervaporation is applied to extract inhibitory 
products such as ethanol, butanol, and isopropanol from a fermentation broth in order 
to increase the conversion rate (Strathmann and Gudernatsch, 1991). This is due to 
the characteristics of pervaporation which is similar to natural membrane process, i.e., 
no additional chemical involved, operating at low pressure and ambient temperature, 
and no cross-flow velocity required.  
 
Membranes made from rubbery polymers such as poly(dimethyl siloxane) (PDMS) 
(Feng and Huang, 1992; Hong and Hong, 1999), polyurethane (Gupta et al., 2003), 
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polybutadiene (Yoshikawa et al., 1993), polyamide-polyether block copolymers 
(PEBA™) (Ji et al., 1994) were investigated for the separation of organics from 
aqueous streams. The preferential sorption rather than diffusion selectivity of the 
membrane governed the transport process.   
 
1.4.4  Organic/organic separation  
 
Organic/organic separation by pervaporation has large potential applications in 
chemical, petrochemical and pharmaceutical industries. The applications include the 
separation of polar/non-polar mixtures, e.g. methanol/methyl tert-butyl ether (MTBE) 
(Nam and Lee, 1999; Yoshikawa et al., 2000); aromatic/aliphatics, e.g. 
cyclohexane/benzene (Villaluenga and Tabe-Mohammadi, 2000; Wang et al., 2001); 
aliphatic hydrocarbons, e.g. hexane/heptane (Knight et al., 1986); aromatic isomers, 
e.g. C8 isomers (o-xylene, m-xylene, p-xylene and ethyl benzene) (Wessling et al., 
1991; Kusumocahyo et al., 2004); and enatioseparation, e.g. linalool racemic mixture 
separation (Paris et al., 2004). Separation is achieved based on the difference of each 
species in polarity, steric effects and affinity to membrane materials. Typical 
pervaporation membrane materials for organic/organic separation are poly(tetrafluoro 
ethylene) (PTFE), polyethylene, and cellulose acetate.  
 
1.6  Research Objectives and Organization of Dissertation 
 
This research study comprises the understanding of pervaporation transport process, 
the development of pervaporation membranes based on a commercially available 
polymer, i.e., P84 co-polyimide, and the investigation of the effects of modifications 
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on membrane performance. This study will focus on the pervaporation dehydration of 
alcohols, particularly dehydration of IPA because of its high market value. The 
objectives of this study are: 
1. To investigate the effects of membrane properties such as the degree of cross-
linking and hydrophilicity on membrane performance with two commercial 
membranes and to examine the influence of penetrant characteristics on 
membrane performance by comparison of the dehydration aqueous mixtures of 
homologous alcohols.  
2. To investigate the intrinsic properties of P84 dense membranes, and to study the 
science and engineering in fabricating asymmetric P84 membranes for 
pervaporation dehydration of IPA.  
3. To characterize the swelling, sorption and permeation properties of P84 dense 
membranes in pervaporation dehydration of aqueous solutions of homologous 
alcohols, i.e. ethanol, IPA and tert-butanol.  
4. To examine the effects of diamine cross-linking on the pervaporation performance 
of P84 membranes for the dehydration of IPA.  
5. To develop zeolite embedded P84 mixed matrix membranes and to study the 
influence of zeolite addition on P84 based mixed matrix membrane formation and 
pervaporation performance.  
 
This dissertation is organized and structured into nine chapters. Chapter 1 gives a 
general introduction to pervaporation membrane separation processes. It provides a 
background of historical development, important industrial applications, basic 
concepts, a survey of membrane materials for alcohol dehydration applications, 
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membrane structure characteristics and membrane modification methods. The 
research objectives and outline are also included in this chapter. 
 
Chapter 2 provides the theoretical background of the pervaporation transport 
mechanism, the formation mechanism of phase inversion membranes and the effects 
of important system conditions on pervaporation performance.  
 
Chapter 3 summarizes the experimental materials, methodologies and membrane 
preparation methods. Membrane characterization methods are also reported in this 
chapter.  
 
Chapter 4 examines the dehydration of IPA through two commercial PVA/PAN 
membranes and compares the performance with the dehydration of butanols from 
thermodynamic and molecular aspects in order to elucidate the influence of 
permeants interaction, their molecular shapes and sizes on the performance. 
Importance of employing permeance/permeability and selectivity is identified.  
 
Chapter 5 investigates the intrinsic separation properties of P84 dense membranes, 
and presents the fabrication of P84 asymmetric membranes for IPA dehydration. The 
effect of non-solvents in dope formulation on membrane formation and the effect of 
operating conditions on membrane separation performance are studied. 
 
Chapter 6 explores the fundamental characteristics of sorption, swelling, and 
permeation of P84 co-polyimide membranes for pervaporation dehydration process. 
A comparison of the dehydration of IPA with ethanol and tert-butanol by P84 
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asymmetric membranes is made to reveal the solvent induced swelling effects on 
pervaporation performance of P84 membranes. 
 
Chapter 7 presents the diamine modification of P84 co-polyimide asymmetric 
membranes for pervaporation dehydration of IPA. Two cross-linking agents, i.e. p-
xylenediamine and ethylenediamine (EDA), are selected and their effects are 
compared. The effect of heat treatment on cross-linked P84 membranes is also 
investigated. 
 
Chapter 8 reports the incorporation of two types of zeolites into P84 membranes. 
Effects of fabrication conditions, zeolite-polymer interaction, loading content, and 
operating temperature on membrane performance and properties are explored. Gas 
separation tests are employed to characterize the interface between zeolite particles 
and polymer matrix.  
 
Chapter 9 summarizes the general conclusions drawn from this research and provides 








2.1  Transport Mechanisms 
 
Pervaporation separation performance is dependent on the membrane materials, the 
structure of the membrane, and the interactions between permeant-permeant and 
permeant-membrane. Pervaporation differs from other membrane separation 
processes because of the complex permeants and membrane interactions. It is 
therefore difficult to present a comprehensive model to depict the transport process. 
Two major models have been developed to describe the mass transport in 
pervaporation, namely, the solution-diffusion model and the pore flow model. 
 
2.1.1  Solution diffusion model 
 
In this model, the mass transport in pervaporation is described as a three-step process: 
first the permeant is dissolved in the feed side of the membrane, and then the 
permeant diffuses though the membrane, finally the permeant evaporates as vapor at 













    DIFFUSION
 
Solution-diffusion model is applicable to non-porous polymeric membranes in which 
the transport of permeating molecules relies on the thermally agitated motion of 
polymer chain segments. Based on the solution-diffusion model, the permeability 
coefficient P is given by the product of the diffusivity D and the solubility S: 
P=D S                                                                                                                        (2.1)          
The diffusion selectivity depends greatly on (1) the penetrant size and shape; (2) the 
mobility of polymer chains; (3) the interstitial space between polymer chains; and (4) 
the interactions between penetrants and penetrant and membrane material (Mulder, 
1996). The sorption selectivity prefers more condensable molecules or molecules 
which have special interaction with membrane materials (Crespo and Böddeker, 
1995).  
 
The transport equation based on solution-diffusion mechanism for pervaporation can 
be derived as follows (Wijmans and Baker, 1995; Mulder, 1996). The flux Ji of one 





μ−=                                                                                                             (2.2) 
Under isothermal conditions (constant T), the chemical potential in pressure and 
concentration driven processes is 
)()ln( 00 iiiii ppvcRT −++= μμ                 (2.3) 
The chemical potential gradient dµi is given as 
pvcRTd iii d)ln(d +=μ                  (2.4) 
where vi is the molar volume. The pressure within the membrane is assumed to be 








i −=                   (2.5) 










)( )()( −=                   (2.6) 
where l is the membrane thickness, ci(m) represents the concentration of i component 
inside the membrane and the superscript f and p represent the feed and permeate side, 
respectively. 
 
By the chemical potential equilibrium at the liquid mixture/membrane feed interface 
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where γ is the activity coefficient,  is the saturation vapor pressure and the 
subscripts G and L represent the gas and liquid phase, respectively. Similarly, the 
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The solution-diffusion model is simple and versatile for describing membrane 
transport processes not only for pervaporation, but also for dialysis, gas separation, 
and reverse osmosis. It has been widely adopted by most of pervaporation membrane 
researchers due to the good agreement between theory and experiments (Wijmans and 
Baker, 1995; Feng and Huang, 1997). 
 
2.1.2   Pore flow model  
 
Matsuura and co-workers proposed a different model based on the pore flow 
mechanism (Matsuura, 1993). It is assumed that there is a liquid-vapor phase 
boundary inside the membrane, and pervaporation is considered as a process 
combined liquid and vapor transport. This mechanism also consists of three steps: (i) 
liquid permeant transport from the pore inlet to a liquid-vapor phase boundary, (ii) 
evaporation at the interphase boundary, and (iii) permeate transport from the 
boundary to the pore outlet (see Figure 2.2).  
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In order to simplify the transport equations, a bundle of straight cylindrical pores of 
length h is assumed penetrating perpendicularly across the active surface layer of the 
membrane, and all the pores are in an isothermal condition. As shown in Figure 2.2, 
the feed side of the pore is filled with liquid to a distance ha along the cylindrical axis. 
The rest of the pore with a length hb, is filled with permeate vapor. Evaporation takes 
place at the interphase boundary. The pressures of feed liquid and permeate vapor at 
each side of the pore are denoted as P2 and P3, respectively; and P* represents the 
saturation vapor pressure of feed liquid at the phase boundary. The existing of vapor 
phase in the pore is valid only when the downstream vapor pressure P3 <P*. When P3 
≥ P* the liquid will fill the entire pore. 
 
The pore flow model illustrates explicitly the physical structure of the membrane, and 
clearly shows the position of the phase change of permeant in the membrane. 
Matsuura and co-workers also proved that the experimentally observed characteristics 
of pervaporation can be explained semiquantitatively by the pore flow model (Okada 
and Matsuura, 1991; Okada and Matsuura, 1992). However, the pore flow model 
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neglects the interaction between penetrants and membrane materials; therefore the 
performance prediction may be limited to those membranes which are not strongly 
swelled by the feed liquid mixture. Furthermore, since some macroscopic parameters 
such as viscosity are used, the pore flow model is more applicable for ultrafiltration 
membranes which have bigger pores.  
 
2.2  Pervaporation Membranes for Alcohol Dehydration 
 
The broadest industrial application of pervaporation is the dehydration of alcohols. 
The separation of IPA/water mixtures are focused in this study due to the important 
applications of IPA in industries. Other selected alcohols are included for 
comparison. In the following sections, recent researches on pervaporation membranes 
for alcohol dehydration will be reviewed.  
 
2.2.1  Membrane materials 
 
For the dehydration of alcohol mixtures, polymers which contain hydrophilic groups 
in the structure are preferred. The hydrophilic groups preferentially absorb water 
molecules, thus lead to high flux and separation factor. On the other hand, the 
hydrophilic groups often cause plasticizing effect that leads to membrane swelling 
and results in low selectivity (Maeda and Kai, 1991). Therefore the hydrophilicity and 
hydrophobicity have to be balanced to produce membranes with high selectivity and 
reasonable permeability.  
 
2.2.1.1 Natural organic materials 
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 The intensively studied natural material for alcohol dehydration is chitosan. Chitosan 
is a product from the N-deacetylation of chitin which is abundant in nature, non-toxic, 
and biodegradable. Chitosan is hydrophilic however its free amine form is water 
soluble in acid solution and chitosan membranes swell in water which leads to low 
alcohol-water separation property (Feng and Huang, 1997; Devi et al., 2005). Various 
modifications have been carried out in order to make the chitosan membranes more 
stable in water and to have better water permselectivity. Cross-linking with 
hexamethylene diisocyanate (HMDI) (Nawawi and Huang, 1997), glutaraldehyde 
(Huang et al., 1999b), and sulfuric acid (Lee et al., 1997b) have been investigated. 
Other modifications include blending with other polymers (Chanachai et al., 2000; 
Sridhar et al., 2005) and zeolites (Ahmad et al., 2005; Ahmad et al., 2006). 
 
Alginate is one of the polysaccharides extracted from seaweeds, and it has shown 
good performance as a pervaporation membrane material for dehydration of ethanol-
water mixtures. However, very high water solubility resulting from its carboxylic and 
hydroxyl groups and mechanical weakness of alginate in aqueous solutions obstructs 
its possible applications in pervaporation. Alginate also showed significant relaxation 
behavior during the process of cooling and aging (Moon et al., 1999). In some 
researches, sodium alginate was cross-linked with multivalent ions; as a result, the 
selectivity was improved but the flux was reduced (Huang et al., 1999a).  
 
Agarose is another natural organic material which has abundant resources from red 
algae. It exhibited fairly good dehydration performance (Yoshikawa et al., 2002). 
2.2.1.2 Synthesized polymer materials 
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 • Highly hydrophilic materials 
Highly hydrophilic materials such as poly(vinyl alcohol) (PVA) and poly(acrylic 
acid) (PAA) have strong affinity to water however exhibit excessive swelling in 
aqueous solutions and this leads to drastic loss of selectivity. Cross-linked PVA 
membranes are the most popular pervaporation dehydration membranes and have 
already been commercialized by Sulzer Chemitech. The hydroxyl groups of PVA 
have strong interactions with water by hydrogen bonding.  Furthermore, PVA is 
water-soluble and can easily be cross-linked either chemically or thermally. With 
good film-forming, highly hydrophilic, and good chemical-resistant properties, it is a 
very attractive material for pervaporation dehydration membranes. However, due to 
its poor stability in aqueous solution, intensive researches were focused on 
modifications to improve permselectivity and stability of the membrane. Cross-
linking and grafting are commonly used to make PVA membranes more stable and 
selective. The cross-linking agents that have been studied include (Yu et al., 2002): 
glutaraldehyde (GA), HCl, citric acid, maleic acid, formic acid, amic acid, sulfur-
succinic acid, formaldehyde.  
 
Similarly, PAA membranes require cross-linking to improve the resistance to aqueous 
solutions. Through converting the acidic form of PAA to an alkali-metal salt form, 
both permeability and selectivity were enhanced; however, the elution of the alkaline-
metal ions out of the membrane leaded to long-term stability problem (Karakane et al., 
1991).  
 
• Aromatic polyimides 
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Aromatic polyimides have attracted great interest for the fabrication pervaporation 
dehydration membranes due to its superior thermal stability, chemical resistance and 
mechanical strength. Conventionally, polyimides are synthesized by two-stage 
polycondenstaion of aromatic dianhydrides with diamines to form a soluble 
poly(amic acid) then followed imidization by thermal treatment (Ohya et al., 1996). 
Although polyimides do not have strong hydrophilicity, the interactions of water 
molecules and the functional groups of polyimides contributed to the water selectivity 









Figure 2.3 Interaction of water molecules with imide groups through hydrogen 
bonding (Ohya et al., 1996) 
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Table 2.1 Collection of pervaporation performance of different polyimide membranes 
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Table 2.1 lists the pervaporation performance of recently developed polyimide 
membranes for pervaporation dehydration of alcohols. Dense polyimide membranes 
are essential for investigation of intrinsic membrane properties; however, dense 
membranes exhibited relatively low flux. By means of asymmetric or composite 
membranes, a thin dense selective layer can be formed to increase the membrane 
permeability. Asymmetric polyimide membranes showed high flux however low 
separation factor due to defects in the skin layer. Post treatment such as heat 
treatment was conducted to reduce defects and enhance the separation property 
(Yoshikawa et al., 1984a). Various composite membrane preparation methods were 
attempted, such as chemical vapor deposition and polymerization (CVDP), dip 
coating, and cataphoretic electrodeposition. These methods have the advantages to 
produce a thin polyimide selective layer with the drawback of increasing the 
complexity of the membrane fabrication process. The separation performance of 
polyimide membranes depended on the chemical structure, other functional groups 
presented in the backbone or in the side chain, the preparation conditions, and the 
operation conditions (Yanagishita et al., 1994; Feng and Huang, 1996; Fan, 2002; 
Guo and Chung, 2005). The most recent commercially available polyimide materials, 
e.g. P84 BTDA-TDI/MDI, copolyimide of 3,3’4,4’-benzophenone tetracarboxylic 
dianhydride and 80% methylphenylene-diamine + 20% methylene diamine), 
exhibited excellent chemical and thermal resistance and anti-plasticization properties. 
These properties make P84 a potential candidate to be applied in harsh environment 
and to withstand the swelling induced by solvents and water. Though P84 was studied 
intensively for ultrafiltration (Beerlage, 1994; White, 2001), nanofiltration (White, 
2002), and gas separation membranes (Barsema et al., 2003), the investigation is lack 
in the field of pervaporation.  
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• Hydrophobic materials 
Hydrophobic materials have excellent stability in aqueous solutions. If the 
hydrophobic nature of the material can be changed to hydrophilic and the degree can 
be controlled, this type material can be applied for pervaporation dehydration.  For 
example, poly(ether ether ketone) (PEEK) was modified by sulfonation reaction and 
the hydrophilicity-hydrophobicity balance was controlled by different sulfonation 
degrees (Huang et al., 2001).   
 
2.2.1.3 Inorganic materials 
 
Inorganic membranes are able to overcome the instability and swelling of hydrophilic 
polymeric membranes with better structural stability, special chemical properties, and 
excellent resistance to harsh chemical environments and high temperatures (Shah et 
al., 2000; Verkerk et al., 2001; Bowen et al., 2004).  
 
Zeolite membranes have the advantages of high selectivity and high permeability due 
to their unique molecular sieving property and selective adsorption. Recently 
developed zeolite NaA, X and Y membranes exhibited impressive separation 
performance that are far superior to traditional polymeric membranes (Kita et al., 
1999; Shah et al., 2000). The separation is achieved based on molecular sieving effect, 
diffusion and adsorption differences. Microporous silica membranes are also water 
selective. The membranes exhibited a much higher flux and less swelling effect but 
lower selectivity compared to polymeric membranes (Gallego-Lizon, 2002). Ceramic 
membranes are resistant to microbes, and it can be easily sterilized by steam or 
autoclave. Ceramic membranes showed high water permeation flux and relatively 
31 
high separation factor (Verkerk et al., 2001). The drawbacks of inorganic membranes 
are the more expensive fabrication process than polymeric membranes and the 
brittleness. The performances of recently developed inorganic membranes are 
summarized in Table 2.2. 
 
Table 2.2 Collection of pervaporation performance of some inorganic membranes in 















support 90wt% IPA 70 300 2000 Composite 
(Jafar and 
Budd, 1997) 
Zeolite NaA 70wt% EtOH 60 2100 2140 Composite 




membrane  95wt% IPA 70 2100 600 Tubular 
(Verkerk et al., 
2001) 
Pervap SMS® 
Silca membrane 90wt% IPA 70 300 60  Porous 
(Gallego-Lizon 
et al., 2002) 
 
 
2.2.2  Membrane structures and configurations 
 
Dense nonporous membranes are homogeneous membranes which are usually used 
for characterization of material intrinsic properties such as permeability, selectivity 
and sorption properties. The thick dense membranes are not suitable in real 
applications because of the very low permeation flux. Dense membranes are prepared 
by solution casting technique with slow solvent evaporation. 
 
Asymmetric membranes prepared by a phase inversion method were first developed 
by Loeb and Sourirajan (Leob and Sourirajan, 1963). In general, asymmetric 
membranes contain an integrally skinned selective layer and a porous support layer; 
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therefore high permeation flux can be achieved. On the other hand, the defects 
existing in the skin layer may deteriorate the selectivity. A typical phase inversion 
process is to precipitate a homogenous polymer solution in a coagulation bath and 
followed by a suitable drying process. During the precipitation, a homogeneous 
polymer solution is transformed into two phases: a polymer-rich solid phase which 
forms the rigid membrane structure, and a polymer poor liquid phase which forms the 







Figure 2.4 Structure of an asymmetric membrane (Crespo and Böddeker, 1995) 
 
The structure of a composite membrane consists of a selective layer and a substrate 
made from different materials as shown in Figure 2.5. Composite membranes are 
capable to combine the properties of different materials. The permselectivity and the 
mechanical stability and strength of composite membranes were performed by 
different materials (Crespo and Böddeker, 1995). Composite membranes are typically 
prepared by first casting the microporous support, followed by deposition of the 
selective dense layer on top of the support by casting, coating or in situ 
polymerization. The commercial Sulzer polymeric membranes are typical composite 
membranes containing a non-woven fabric layer and a polyacrylonitrile (PAN) 









Figure 2.5 Structure of a ker, 1995)  composite membrane (Crespo and Bödde
 
ollow fiber membranes have the advantages of large surface to volume ratio, high 
 
 
Figure 2.6 Structure of a hollow fiber m
 
.2.3  Membrane preparation methods 
H
packing density, and mechanical self-supporting. A schematic diagram of a hollow 
fiber membrane is shown in Figure 2.6. Although hollow fiber membranes are very 
popular in many other membrane processes, the development of hollow fiber 
pervaporation membranes was far behind polymeric flat membranes. This deficiency 
may arise from (1) the permeate pressure builds up at the lumen side which lead to a 
significant decrease in the driving force; (2) the free-standing hollow fibers may 
exhibit more severe swelling than flat membranes cast on non-woven fabrics (Liu et 








embrane (Crespo and Böddeker, 1995) 
2
2.2.3.1 Phase inversion  
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Phase inversion is the most versatile technique to form membranes with all kinds of 
 Thermally-induced phase separation  
ns a polymer and a latent solvent which is a 
 Solvent evaporation  
or spraying a polymer solution on a support followed by 
membrane structure and improve the separation performance (Kesting, 1985).  
morphologies. Most commercial membranes are fabricated by this method. Phase 
inversion refers to a process whereby a polymer solution is transformed into a three 
dimensional macromolecular network (Kesting, 1985). The process is usually 
initiated by a non-solvent so that a polymer rich phase and a polymer lean phase can 
be formed (Mulder, 1996). The polymer rich phase constitutes the membrane solid 
matrix and the polymer lean phase becomes the voids. By controlling different 
parameters involved in phase inversion process, membranes with different 
morphologies can be obtained. 
 
•
In this process, a polymer solution contai
solvent for the polymer at elevated temperatures and a non-solvent when the 
temperature is cooled down. By cooling down the temperature, phase separation 
occurs. This process can be utilized to produce isotropic microporous membranes 
(Mehta et al., 1995; Matsuyama et al., 1998). 
 
•
By casting, dip coating 
slowly evaporating solvent, a dense homogeneous membrane can be formed. Phase 
separation occurs when the solvent is slowly evaporating which then leads to the 
solidification of polymer matrix (Shojaie et al., 1994). Post treatments such as 
thermal annealing at a temperature higher than or close to the glass transition 
temperature can be utilized to completely remove residual solvent, stabilize the 
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 • Controlled evaporation 
If the polymer solution contains a mixture of polymer, solvent and non-solvent, the 
d controlled evaporation (Mulder, 1996). The addition of 
ipitation  
 nascent cast film is in contact with a non-solvent vapor or a solvent/non-solvent 
hase inversion occurs when non-solvent penetrate into the 
mersion precipitation) 
his process was invented by Leob and Sourirajan (Leob and Sourirajan, 1963) and 
ation process for commercial 
evaporation process is calle
non-solvent alters the rheological behavior (viscosity) and the thermodynamic 
properties of the polymer solution (Torrestiana-Sanchez et al., 1999), and changes the 





vapor mixture, and the p
cast film. Due to the slow diffusion of non-solvent in the film, the precipitation 
process is usually very slow and forms a porous structure (Han and Bhattacharyya, 
1995). 
 
• Wet-phase inversion (im
T
has become the most popular membrane form
asymmetric membranes. The casting solution is immersed into a coagulation bath 
which contains nonsolvent. Phase separation is induced by solvent/non-solvent 
exchange in the coagulation bath. The formed membrane usually undergoes a solvent-
exchange process before drying to maintain the microporous structure.  
 
• Dry/wet phase inversion 
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Dry/wet phase inversion is a combination process of evaporation and immersion 
vaporation period, the cast film is immersed into non-
ion methods available for the preparation of 
olymeric membranes. Sintering, stretching, track-etching and template leaching are 
y compressing a polymer powder or inorganic particles and sintering at elevated 
he interface between particles is eliminated and a porous structure is 
 is applied perpendicular to the direction of an extruded film to create pores.  
g 
 create uniform cylindrical pores.  
issolution of this component in 
wide pore size distribution can be obtained.  
precipitation. After a short e
solvent and then precipitates. The volatility of solvent, dope composition, evaporation 
time, cast thickness, chemistry of the quench medium influence the formation of the 
membrane structure (Pinnau and Koros, 1992; Paulsen et al., 1994). 
  
2.2.3.2 Other preparation methods 
 
There are other membrane preparat
p
suitable for preparation of porous membranes, while coating is applicable for the 






• Stretching  
Stretching
• Track-etchin
This method utilizes high energy particle radiation followed by etching in an acid or 
alkaline solution to
• Template leaching 
One of the components in a film can be removed by d
acid or base solution; a 
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• Coating 
This method is suitable to form a dense selective layer of a composite membrane or 
o seal the defects of a skin layer.  
e two effective methods to enhance the separation 
roperties of a formed membrane. Modification of membrane material is another way 
 
ted and is capable to improve membrane stability and 
erformance for RO (Sourirajan, 1970), gas separation membranes (Li et al., 2004b) 
 
can be used t
 
2.2.4  Membrane modifications 
 
Heat treatment and cross-linking ar
p
to achieve the more desired separation performance. Incorporation of inorganic 
particles into the polymer matrix to form mixed matrix membranes has the potential 
to integrate the superior separation property of the inorganic material with the easy 
processability of the polymer to fabricate new generation pervaporation membranes. 
 
2.2.4.1 Heat treatment 
 
Heat treatment is easily opera
p
and pervaporation membranes (Yanagishita et al., 1994). Heat treatment usually 
induces increased density, reduced free volume, and thus leads to declined 
permeability and increased selectivity. Nagy et al. (Nagy et al., 1983) modified 
cellulose hydrate membranes by means of dry and wet heat treatment. Tsai et al. (Tsai 
et al., 2005) treated PAN hollow fibers at different temperatures for IPA/water 
dehydration and showed that the skin layer was densified and the separation 
performance was improved.  
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As for polyimide membranes, the effect of heat treatment is also significant. 
Yanagishita et al. (Yanagishita et al., 1994) found heat treatment of polyimide 
embranes at 300°C for 3hr could optimize the separation factor for ethanol 
ross-linking by chemical reagents has been carried out to control excessive swelling 
 to enhance membrane stability and to change the 
olymer chemistry (Burshe et al., 1997; Lee et al., 1997a; Lee et al., 1997b).  
 
m
dehydration. The increased mechanical strength and separation factor were attributed 
to cross-linking although no additional chemical functional group was identified. On 
the other hand, the red shift in fluorescence indicated the charge transfer interaction 
was formed between imide and amine moieties. The thermally induced polymer chain 
relaxation and rearrangement and the formation of charge transfer complex (CTCs) 
have contributed to the improvement of gas transport properties and the suppression 
of the CO2 plasticization for polyimide gas separation membranes (Kawakami et al., 
1996; Bos et al., 1998). The formation of CTCs can be characterized by both 
fluorescence and UV-vis spectrophotometer (Kawakami et al., 1996; Bos et al., 1998). 
Zhou and Koros (Zhou and Koros, 2006) suggested that the considerable separation 
factor enhancement of Matrimid fibers at a heat treatment temperature lower than Tg 
of Matrimid, i.e. 220°C, could be attributed to the local or segmental motions of 
polymer chains at β transition. In addition, the segmental motions of polymer chains 
at temperature above β transition enhanced CTCs formation.  
 
2.2.4.2 Chemical modification 
 
C
of highly hydrophilic materials,
p
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The imide groups of polyimide can be modified by amines to form amide groups. 
Diamine or dendrimers with multi amine groups have been successfully used for 
cross-linking polyimide membranes and new gas separation membranes were 
btained (Liu et al., 2001; Cao et al., 2003; Tin et al., 2003; Chung et al., 2004; Shao 
employ organic-inorganic hybrid materials in order to 
ombine the excellent separation capability and superior stability of inorganic 
of polymer materials.  
ated that the 
embrane preparation method, the choice of zeolite and polymer matrix plays 
o
et al., 2005b; Xiao et al., 2005). Although the modification of polyimide membranes 
by diamine has been extensively studied for gas separation, its effects on P84 co-
polyimide membranes and the resulted membranes’ pervaporation performance and 
properties are not clear yet. 
 
2.2.4.3 Mixed matrix membranes 
 
Mixed matrix membranes 
c
material and the easy processability 
 
Zeolite has unique molecular-sized pores and some types of zeolite have exhibited 
excellent separation properties for alcohol dehydration.  However, the diversified 
pervaporation performance of zeolite-filled polymeric membranes indic
m
important roles (He et al., 2001; Okumus et al., 2003). The addition of zeolite into 
polyimide exhibited poor polymer-zeolite interphase because of the rigid polymer 
chain of polyimide. Although the recent advancement of zeolite filled polyimide 
membranes for gas separation suggests the potential application in pervaporation, the 
effects of zeolite addition, the interaction between zeolite and polymers on membrane 
pervaporation performance are still need investigations. 
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2.3     Formation Mechanism of Phase Inversion Membranes 
 
As mentioned in Section 2.2.3.1, phase-inversion is the most popular polymeric 
membrane fabrication method (Matsuura, 1993). In this process, a homogenous 
o phases during 
e solvent evaporation and precipitation steps. Thermodynamic factors determine the 
polymer solution undergoes a phase change and is separated into tw
th
phase boundary line and kinetic factors consist of the speed of solvent evaporation 
and the rate of solvent-nonsolvent exchange. A ternary phase diagram, as shown in 
Figure 2.7, including polymer, solvent, and non-solvent, is used to depict the 
composition change in the cast membrane. This diagram is important in determining 
the formed membrane structure (Reuvers, 1987). The area I located between the 
solvent/polymer axis and the binodal line indicates the stable region; the area II 
located between the binodal and spinodal curve indicates the metastable region; and 
the area III located between the spinodal and polymer/nonsolvent axis indicates the 
unstable region (Pinnau, 1991). The binodal and spinodal curves can be obtained 
theoretically from Flory-Huggins thermodynamics by Gibbs free energy of mixing 
(Tompa, 1956; Kamide, 1990; Matsuura, 1993); only binodal curve can be obtained 
experimentally by the determination of cloud point (Lai et al., 1998). For a given 
composition located in the metastable and unstable region, the interception of tie line 
and binodal curve gives the compositions of polymer-rich phase and polymer-lean 
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Kinetically, the rate of solvent evaporation, the solvent depletion and nonsolvent 
penetration in a coagulation bath affect the formation of membrane structures. Factors 
that have significant influences on membrane structure include: polymer 
concentration, choice of solvent and nonsolvent, composition of coagulation bath, 
location of liquid-liquid demixing distance, temperature of the casting solution and 
coagulation bath, and evaporation time. There are two types of demixing process: 
instantaneous liquid-liquid demixing and delayed onset of liquid-liquid demixing. 
Instantaneous demixing occurs when the membrane is formed immediately after 
immersion in the nonsolvent bath, and the membrane obtained has a relatively porous 
skin layer which can be used as microfiltration/ultrafiltration membranes; on the 
contrary, delayed demixing onsets after a period of time and results in the formation 
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of membrane with a dense skin layer which is suitable for gas 




2.4     Factors Affecting Permeant Transport in Pervaporation 
2.4.1 Interaction between permeants and membrane  
 
Unlike gas separation membranes in which the selectivity of mixture gases is not 
much different from ideal selectivity, the selectivity of pervaporation of a mixture is 
far lower than the ratio of the pure components. This behavior is due to the much 
stronger interaction between permeants and membrane in pervaporation processes.  
There are three approaches to describe the interaction between permeants and 
membrane, namely, solubility parameter approach, polarity parameter approach, and 
interaction parameter approach. 
 
Solubility parameter represents the nature and magnitude of the interaction force 
between molecules, and this parameter is frequently used to qualitatively describe the 
affinity between solvent and polymer, the interactions between polymer and permeant 
and permeant and permeant in pervaporation (Mulder, 1991; Matsuura, 1993; Yeom 
et al., 2001). If a solvent has a solubility parameter close to that of a polymer, it is a 
good solvent for the polymer. The solubility parameter is calculated by Equation 
(2.10) 
2222
hpdsp δδδδ ++=                 (2.10) 
where δd, δp, and δh represent dispersion force, polar force and hydrogen bonding 
component of the solubility parameter, respectively. The solubility parameters of 
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solvents are available in literatures (Barton, 1990), while the solubility parameters of 
polymers can be estimated by group contribution methods (Matsuura, 1993). 
 
Polarity of membrane and penetrants also has strong effects on permeant transport. 
Polarity parameters (ET) are used to describe polymer/liquid interactions. Yoshikawa 
et al. investigated the effects of polymer polarity on pervaporation separation 
performance for ethanol/water mixtures (Yoshikawa et al., 1984b). When the 
membrane polarity parameter deviated from the polarity parameter of water, the 
selectivity of water decreased. The polarity parameter is especially useful when the 
polymer structure is not available. Jonquieres et al showed a linear relationship 
between sorption and the liquid solubility parameters (Jonquieres et al., 1994). Later 
they found a good correlation of flux and polarity parameter of alcohols for the 
pervaporation of alcohol/ETBE mixtures (Jonquieres et al., 1996).  For a given 
solvent, the definition of ET(30) polarity parameters is given as the transition energy 
for the longest wavelength Vis absorption band of the pyridinium-N-phenoxide 
betaine called Reichardt’s dye. The polarity parameters for more than 270 organic 
solvents are collected by Reichardt (Reichardt, 1998). 
 
Interaction parameter based on the theory developed by Flory-Huggins describes the 
sorption in a polymer material or the thermodynamic interaction between a solvent 
and a polymer (Flory, 1953). It is assumed that the interaction parameter χ is a 
constant over the entire activity range, and it can be determined by a single sorption 





−+−= Ln                  (2.11) 
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where φ  is penetrant volume fraction in the membrane. A lower interaction 
parameter indicates a higher affinity between polymer and penetrant. Although the 
determination of the interaction parameter is convenient because only a single 
sorption experiment is needed, the assumption of the validity of the Flory-Huggins 
theory over the entire activity range remains questionable (Jonquieres et al., 1998).  
 
2.4.2  Interaction between permeant and permeant 
 
The presence of the permeant j affects the transport of permeant i in pervaporation in 
two ways: 
1. The interaction between permeant j and the polymeric membrane brings about the 
plasticizing effect, resulting in an increase in both the diffusivity and solubility of 
i (Yeom et al., 2001).  
2. The interaction effect between molecules i and molecules j in the polymer can 
increase or decrease the diffusivity of component i (Huang and Yeom, 1990). In 
addition, the shape and size of permeant molecules or the formation of permeating 
clusters especially between polar/polar components also affect the permeation 
behavior (Bode and Hoempler, 1996).  
 
2.4.3  Operating conditions 
2.4.3.1 Feed mixture composition 
 
The composition of feed mixture affects both diffusivity and solubility of each 
component because the diffusion and the sorption of the components are 
45 
concentration dependent. Consequently, the composition of feed mixture has 
significant effects on membrane permeation properties.  
 
Typically, water is a plasticizing/swelling agent for hydrophilic membranes. When 
feed water content increases, the amount of water sorbed into the hydrophilic 
membrane would increase and result in an increase of the polymer chain mobility. As 
a consequence, the permeation rate increases but the separation factor decreases. And 
the permeation activation energy decrease as well. This is also called swelling effect. 
The affinity of alcohols to membrane materials can also affect membrane separation 
performance. If an alcohol has better affinity towards the membrane, the sorption of 
the alcohol in membrane can be enhanced and results in an increased permeation rate. 
 
2.4.3.2 Feed temperature  
 
Generally, the effects of feed temperature on permeation characteristics are 
manifested by (Yeom et al., 2001): 
• The solubilities of the permeants change with temperature; 
• The free volume of the polymeric membrane increases with temperature 
because of the enhanced thermal motion of polymer chains; 
• Interactions between the permeants vary with temperature.  
The increase of temperature also increases the partial pressure of permeants therefore 
increases the driving force. In addition, the diffusivity of each component increases. 
Therefore, the permeating flux increases with increasing temperature. On the other 
hand, due to the increasing mobility of polymer chains, a decreased selectivity is 
observed in most cases.  
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 The dependence of permeation flux on temperature follows the Arrhenius-type 
relation (Feng and Huang, 1996): 
)/exp(0 RTEJJ J−=                                                                                               (2.12) 
where EJ is obtained from lnJ vs. 1/T plot. EJ characterizes the overall temperature 
dependence of permeation flux, which includes the energy needed for permeation and 
the enthalpy change accompanied by the phase change.  
 
As mentioned in section 2.1.1, the permeability is defined as 
SDP =                                                                                                                     (2.1)          
where the dependence of solubility coefficient (S) and diffusivity coefficient (D) on 
temperature can be expressed as 
)/exp(0 RTEDD D−=                                                                                           (2.13)    
)/exp(0 RTHSS SΔ−=                                                                                          (2.14)      
Therefore the permeability can be expressed as 
[ ] )/exp(/)(exp 000 RTEPRTHESDP PSD −=Δ+−=                                           (2.15) 
Here EP(=ED+ ) is named as the activation energy of permeation, which 
represents a combination of the activation energy of diffusion (ED) and the enthalpy 
of dissolution ( ) of the penetrant in the membrane. P0 is an exponential factor. 
For asymmetric and composite membranes which dense layer thicknesses are not 
ready for calculation, membrane permeance (P/l) can be applied for the calculation 
for the activation energy of permeation 
SHΔ
SHΔ
)/exp()/(// 0 RTElPpJlP P−=Δ=                                                                     (2.16) 
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where ∆p is the partial pressure difference across the membrane. Thus, we can 
evaluate EP from the slope of the ln(J/∆p) vs. 1/T plot. 
 
ED is generally positive, while ∆HS is usually negative for the exothermic sorption 
process. When the negative ∆HS dominates, a negative value of EP occurs, indicating 
that the membrane permeability coefficient decreases with increasing temperature 
although the permeation flux normally increases with an increase in temperature due 
to the contribution of increased driving force.  
 
When the permeate pressure is sufficiently low, ∆p can be determined by the 
saturated vapor pressure (ps) of the feed side. Based on the classical Clausius-
Clapeyron equation, the temperature dependence of  ps can be expressed as 
)/exp( RTHAp V
s Δ−=                                                                                          (2.17)   
where ∆HV is the molar heat of vaporization. Therefore, EP can also be determined by 
VJP HEE Δ−=                                                                                                       (2.18) 
 
2.4.3.3 Upstream pressure 
 
Different from reverse osmosis, the upstream pressure is not critical for pervaporation 
because the driving force for mass transport though the membrane is the partial 
pressure difference of the upstream and the downstream. The partial pressure at the 
feed side is a function of feed concentration and temperature related saturation vapor 
pressure. Knight et al. showed that the permeate flux and composition were not 
affected by the upstream pressure (Knight et al., 1986).  
 
48 
2.4.3.4 Downstream pressure  
 
The downstream pressure is directly related to the partial vapor pressure of a 
component at the downstream side of the membrane and therefore can affect 
pervaporation performance significantly. Based on Equation (2.9), the downstream 
pressure should be maintained sufficiently low to achieve the maximum driving force. 
When the downstream pressure increases, the driving force decreases and this leads to 
decreased permeation flux. In addition, the desorption at downstream side of 
membrane slows down and the downstream side of membrane becomes swollen 
which results in a significant loss of selectivity (Neel et al., 1986). 
 
2.4.3.5 Concentration polarization  
 
Concentration polarization occurs when the depletion of a permeation component at 
the surface of a membrane is so fast that the concentration of this component on the 
membrane surface becomes lower than that in the bulk. This phenomenon is more 
significant when the component which preferentially permeates through the 
membrane has low concentration in the feed, e.g. the removal of VOCs from 
wastewater (Baker et al., 1997).  Because the diffusion and sorption of the permeation 
process are concentration dependent, concentration polarization usually leads to 
decreased flux of the preferred component and increased flux of the less permeable 
one, and consequently the separation performance of the membrane drops (Feng and 
Huang, 1994). By increasing the feed flow rate, the mass transfer coefficient can be 
enhanced and the boundary layer thickness caused by concentration polarization can 
be effectively reduced (She and Hwang, 2004).  
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2.4.3.6 Hysterisis phenomena  
 
The operating history of membrane can affect membrane performance. Marin et al 
(Marin et al., 1992) reported that conditioning prior to the tests for a hydrophilic PVA 
membrane affected the membrane performance. Besides, because of the non-
equilibrium nature of the glassy polymer, the polymer chains of glassy membranes 
tend to relax and consolidate during the process of conditioning. Yeom et al. (Yeom 
et al., 1996) studied the relaxation phenomena of sodium alginate membrane during 
pervaporation. They found the hysteric changes of flux at heating and cooling 
temperature cycles. That is, the flux measured in the heating process was greater than 
that measured in the cooling process; after a few cycles, the fluxes were close to each 
other in both heating and cooling processes.  On the other hand, the separation factor 
was slightly improved after a few cycles. This was attributed to the polymer chain 
relaxation which was enhanced by the permeant, and the densification thereafter 
through a configurational rearrangement of polymer chains. Guo and Chung (Guo and 
Chung, 2005) investigated the thermal hysteresis phenomena of Matrimid® 5218 
polyimide membrane for the pervaporation of tert-butanol and water mixture. They 
concluded that the interaction between permeates and membrane, the non-equilibrium 
nature of the dense layer of the phase-inversion membrane, and the membrane 
swelling were the main factors which affected the hysteresis behavior. Additionally, 
more drastic performance changes were observed from the heating process, while 
densification occurred after a thermal cycle which is similar to the observation by 
Yeom et al.  The reduced β-relaxation temperature of membranes after thermal cycles 
indicated the lubricant effect of the penetrant solvent molecules which effectively 
rearranged the rotation of benzene rings at an operating temperature at 100°C.  
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3.1  Materials 
3.1.1  PVA/PAN composite membranes 
 
PERVAP 2510 and PERVAP 2201 membranes were purchased from Sulzer 
Chemtech, Germany. Both membranes have a cross-linked PVA selective layer and a 
porous PAN supporting layer cast on a polyphenylene sulfide (PPS) non-woven 
fabric. HPLC grade IPA was supplied from Fisher Scientific Singapore. IPA has a 
boiling point of 82.5°C.  
 
Figure 3.1 shows the SEM pictures of PERVAP 2510. The PPS non-woven fabric 
was carefully removed before fracturing the membrane in liquid nitrogen. The total 
thickness of the membrane was about 87µm, where the dense selective PVA layer 
was about 0.7µm.  
                 






The P84 co-polyimide was purchased from HP Polymer GmbH, Austria. Figure 3.2 
shows the chemical structure of P84. The polymer was dried at 120°C in a vacuum 
oven overnight before use. The glass transition temperature (Tg) of P84 was about 
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Figure 3.2 Chemical structure of P84 co-polyimide 
 
3.1.3  Cross-linking agents 
 
P-xylenediamine and ethylenediamine (EDA) were purchased from Sigma Aldrich. 
The chemicals were used as received and their chemical structure and properties are 
listed in Table 3.1. 
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Table 3.1 The chemical and physical properties of the selected cross-linking agents 
Chemical Ethylenediamine (EDA) P-xylenediamine 
Chemical structure     
Molecular weight 60 136 
Molecular 
dimension a  
  
Boling point (ºC) 117 230 







a: simulated by Cerius2 software. 
 
3.1.4  Molecular sieves 
 
Zeolite 5A and 13X were purchased from Sigma Aldrich. The zeolite particles were 
activated under vacuum at 100°C (heating rate 2.5°C/min from room temperature) for 
12hr and followed by 250°C (heating rate 2.5°C/min) for 2hr. Table 3.2 summarizes 
their chemical structure and properties. 
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3.1.5  Others 
 
The solvents, N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), 
were purchased from Merck. Acetone and ethanol were purchased from Fisher 
Scientific and Hayman, respectively. Methanol and n-hexane were obtained from 
Tedia and Merck, respectively. All these chemicals were used as received. Milli-Q 
ultrapure water was produced in our lab. 
 
3.2  Membrane Preparation 
3.2.1  Fabrication of flat dense P84 membranes 
 
Dense flat membranes were fabricated by using a 2 wt% polymer solution in DMF. 
The polymer was fully dissolved in DMF then filtered with 1µm filter (Whatman) to 
remove impurities and poured onto a leveled wafer plate at 55°C in an oven due to the 
high boiling point of DMF. The solvent was slowly evaporated and the resultant film 
was dried under vacuum with temperature gradually increased to 250°C at a rate of 
12°C/20min and hold there for 24hr to remove the residual solvents. The thickness of 
the dense flat membranes was measured by a Mitutoyo micrometer. 
 
3.2.2  Fabrication of asymmetric P84 membranes 
 
The polymer was completely dissolved in NMP with or without non-solvent mixtures 
at certain compositions, and then filtered with 5µm filters (Whatman). The solution 
was allowed to degas overnight prior to casting onto a glass plate with a casting knife 
at a thickness of about 200μm. The nascent films were blown with hot air at about 
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40°C for 10 seconds and then free evaporated for 10 seconds before immersing into a 
coagulation bath. The coagulation medium was water at room temperature.  
 
The as-cast asymmetric polyimide membranes were solvent exchanged and dried 
according to the following procedure. The membranes were immersed into water 
overnight. To remove water and residual solvents, low surface tension liquids (i.e., 
methanol and followed by hexane) were employed to replace water in order to protect 
the fine dense-selective structure of the membrane. The membranes were immersed in 
methanol three times, then hexane three times, each time for one hour. After solvent 
exchange, the membranes were dried naturally in the air. 
 
3.2.3  Fabrication of P84/Zeolite mixed matrix membranes 
 
Dense flat membranes were fabricated by using a total 24wt% polymer and zeolite 
solution in NMP. To ensure a better dispersion of zeolite particles, the zeolite was 
firstly added to the NMP solution. After 1 hr stirring, the solution was sonicated for 
15min then about 10% of the total amount of P84 polymer was added into the 
solution. This priming procedure was found helpful to improve the contact between 
zeolite and polymer (Mahajan and Koros, 2000).  After the initially loaded polymer 
was fully dissolved, the remaining polymer was added to the solution and stirred over 
night. The as-prepared solution was cast onto a glass plate after degassing in vacuum 
for 4 hr, followed by slow evaporation of solvent under partial vacuum with N2 at 
90°C for 1 hr. Later the membrane was hold at about 120°C overnight to fully 
evaporate the solvent. The membrane was further annealed under vacuum at a rate of 
12°C/20min to 240°C or 250°C and hold there for 12 hr. This step can also help 
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remove the residual solvents. After that, temperature was naturally cooled down and 
the membrane was removed from the glass plate for testing. The thickness of the 
membranes was in the range of 20~30 μm which was measured by a Mitutoyo 
micrometer. The compositions of zeolite in the resultant membranes are expressed as 
wt%. 
 
3.2.4  Chemical and thermal modification of membranes 
 
A 2.5% (w/v) cross-linking solution was prepared by dissolving p-xylenediamine or 
EDA in methanol. The dense or asymmetric membranes were immersed into the 
cross-linking solution for a certain time. After that, membranes were taken out from 
the solution, and then washed with fresh methanol to remove the residual cross-
linking agents. The membranes were finally dried in air at room temperature. 
 
Heat treatment of membranes was conducted in a CenturionTM Neytech Qex vacuum 
furnace by increasing temperature at a rate of 0.6ºC/min to certain temperature, and 
then held there for 6 hr under vacuum. 
 
3.3  Sorption Experiments 
 
Dense P84 membrane strips were dried under vacuum at room temperature overnight. 
Then these pre-weighed dry membrane strips were immersed in DI water and alcohol 
solutions, respectively. After a certain period of time, the swollen samples were taken 
out and the surface were blotted between tissue papers then weighed in a closed 
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container. The sorption was calculated from the difference between the wet weight 
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For sorption test in 85 wt% alcohol/water mixtures, the procedures were similar to 
that in pure solutions. After 1 month immersion of the membrane strips, the swollen 
samples were taken out and were immediately weighed in a closed container after 
blotting the sample surface between tissue papers. The sorbed liquid in the membrane 
was removed by means of vacuum with the aid of continuous heating by boiling 
water. The desorbed liquid was collected by cold traps immersed in liquid nitrogen 
and then analyzed by a Hewlett-Packard GC 6890 with a HP-INNOWAX column 
(packed with cross-linked polyethylene glycol) and a TCD detector. The degree of 
swelling which represents the sorption per unit membrane mass was calculated from 
the difference between the wet weight Mwet after sorption and the original dry weight 
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alcoholwater =α                         (3.3) 
where Ci is the weight fraction of a sorbed component i in the membrane. The amount 
of water sorption can be easily calculated by multiplying the water concentration and 
the total sorption. 
 
3.4  Pervaporation Experiments 
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 A lab scale Sulzer pervaporation unit was purchased to carry out the pervaporation 
experiments and its design is shown in Figure 3.3. Briefly, a testing membrane was 
placed in a stainless steel permeation cell. The permeation cell with an inner diameter 
of 15.24cm and an estimated surface area of 178cm2 was used for testing commercial 
PVA/PAN membranes, while another permeation cell with an effective surface area 
of 15.2cm2 was used for characterization of P84 membranes. A 2-L mixture 
containing 85/15 (in weight ratio) IPA/water was used as the feed solution or 
otherwise as stated. The feed mixture was heated by a heating bath and its 
temperature was monitored by two thermometers placed in the inlet and outlet of the 
permeation cell. The pressure at the permeate side was maintained at less than 0.5kPa. 
The permeants were collected by a cold trap immersed in liquid nitrogen. The system 
was stabilized for 2 hours before the collection of samples. The recirculation rate was 
set at 80~85L/hr, while the feed temperature varied from 60 to 100°C. Experiments at 
a higher circulation rate of 100 L/hr were also conducted but yielded almost the same 
results for the PERVAP 2510 membrane, which showed that the selected circulation 























Figure 3.3 Schematic diagram of pervaporation experimental setup 
 
Retentate and permeate samples were collected at certain time intervals (normally one 
hour) and their compositions were analyzed by a Hewlett-Packard GC 6890 with a 
HP-INNOWAX column (packed with cross-linked polyethylene glycol) and a TCD 
detector. The permeate samples were weighted by a Mettler Toledo balance. Flux and 
separation factors were calculated by the following equations  
At






yy=α                     (3.5) 
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where J is the flux, Q the total mass transferred over time t, A the membrane area, x2 
and y2 are the mole fractions of water in the feed and permeate, respectively, and x1 
and y1 are the mole fractions of alcohol in the feed and permeate, respectively. As 
shown in Chapter 2, the dependence of permeation flux on temperature follows the 
Arrhenius-type relation (Feng and Huang, 1996): 
)/exp(0 RTEJJ J−=                (2.12) 
where EJ is the apparent activation energy of permeation, J0 is the pre-exponential 
factor, and EJ can be obtained from the ln J vs. 1/T plot.  
 
As depicted in Chapter 2, the driving force for pervaporation can be expressed as a 
vapor pressure difference. The basic pervaporation transport equations based on the 








PJ −=−=                  (3.7) 
where P1 and P2 are the membrane permeability for alcohol and water,  respectively, 
which are the product of the solubility and diffusivity. Subscripts 1 and 2 correspond 
to alcohol and water, respectively, while superscripts f and p correspond to the feed 
and permeate. l is the membrane dense layer thickness. p denotes the partial vapor 
pressure, while P is the permeance. The membrane selectivity β is defined as 
2P divided by 1P . 
 
The partial vapor pressure of each component on the feed side can be obtained based 
on its concentration in the feed liquid mixture 
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sf pxp 1111 γ=                     (3.8) 
sf pxp 2222 γ=                     (3.9) 
where the superscript s indicates the saturated state and γ is the activity coefficient. In 
this study,  and  were calculated by the Antoine equation (Hirata et al., 1975) 
or obtained from HYSYS DISTIL software, while γ1 and γ2 were obtained from the 
HYSYS DISTIL software (version 5.0, provided by Hyprotech Ltd, Canada). By 
substituting Equations 6 and 7 to Equations 4 and 5, the permeance can be calculated 




ps ppxJP −= γ                             (3.10) 
)/( 222222
ps ppxJP −= γ                 (3.11) 
 
3.5  Gas Permeation Tests 
 
In order to characterize the asymmetric membranes, their pure gas transport 
properties were measured in the order of O2 and N2 at 35ºC and 2atm using the 
variable-pressure constant-volume method as described by Lin et al. (Lin et al., 2000). 
The asymmetric membranes were first tested without coating then coated with 3 wt% 
silicone rubber in an n-hexane solution, and then tested after curing the silicone 
rubber at room temperature for 2 days. The apparent dense-layer thickness was 
calculated from the ratio of O2 permeability of a dense P84 membrane to the 
permeance of an asymmetric membrane. 
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Pure gas transport properties of P84 dense membranes and the zeolite incorporated 
P84 dense membranes were measured in the order of O2 and N2 at 35ºC and 10atm 
using the same method as depicted by Lin et al. (Lin et al., 2000).  
 
3.6  Ternary Phase Diagrams 
 
To generate the phase diagram with different non-solvents, a series of P84/NMP 
solutions were prepared in glass bottles at room temperature (25°C). A few drops of a 
non-solvent were added in and stirred until fully dissolution before the addition of 
another few drops. When non-homogeneity was observed visually, the solution was 
kept mixing before another non-solvent addition. The solution concentration was 
recorded if the solution was still turbid after two days of the last addition. 
 
3.7  Membrane Characterizations 
3.7.1 Fourier transform infrared spectrometer (FTIR) 
 
An attenuated total reflection (ATR) FTIR (Perkin-Elmer FT-IR spectrometer) with a 
scan number of 16 was used to characterize the chemical functional group changes on 
membrane surface. 
 
3.7.2    Contact angle measurements 
 
The contact angle measurements were performed by a Ramé-Hart Contact Angle 
Goniometer (model 100-22) using the sessile method at room temperature. A built-in 
image system provided by Ramé-Hart was used to acquire the image and transferred 
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to a computer for image analysis. Deionised water droplets were introduced by a 
Gilmont microsyringe onto the membrane surface. About 4mm in diameter of liquid 
droplets formed on the samples’ surface and the contact angle were measured. At 
least ten droplets were introduced and the average contact angle data was taken for 
each membrane. 
 
3.7.3    Wide-angle X-ray diffraction (XRD) 
 
Wide-angle X-ray diffraction (XRD) measurements of the membranes were carried 
out by a Bruker X-ray diffractometer (Bruker D8 advanced diffractometer) at room 
temperature using the CuKα radiation wavelength (λ=1.54Å) at 40 kV and 30 mA. 
The average intersegmental distance of polymer chains were reflected by the broad 
peak center on each X-ray pattern. The d-space was calculated by the Bragg’s 
equation  
nλ = 2d sin θ                                                                          (3.13)                 
where θ is the X-ray diffraction angle of the peak. 
 
3.7.4    Differential scanning calorimeter (DSC) 
 
The glass transition temperature of pure and hybrid films were measured by a 
PerkinElmer differential scanning calorimeter (DSC) Pyris 1 with heating and cooling 
rates of 10°C/min. The Tg value determined from the second DSC run was reported. 
 
3.7.5    Thermogravimetric analysis (TGA) 
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The thermal stability of membrane samples were characterized by thermogravimetric 
analysis (TGA) with a TGA 2050 Thermogravimetric Analyzer (TA Instruments). 
The analysis was carried out with a ramp of 10°C/min at the temperature range of 50 
to 800°C. The purge gas was N2 and its flow rate was controlled at 100ml/min.  
 
3.7.6    Field emission scanning electron microscope (FESEM) and SEM-EDX 
 
The morphology of membranes was observed by using a JSM-6700F field emission 
scanning electron microscope (FESEM). Samples were prepared by fracturing 
membranes in liquid nitrogen then coated with platinum. Energy dispersion of X-ray 
(EDX) with a line scan mapping by using a JEOL JSM-5600LV scanning electron 
microscope (SEM) was applied to analyze the elements of ion-exchanged zeolites. 
 
3.7.7    Atomic Force Microscope (AFM) 
 
A Nanoscope III equipped with 1533D scanner (Digital Instruments, California, USA) 
was used to study the surface morphology of membranes by using a tapping mode 
atomic force microscope (AFM).   
 
3.7.8    Nano-indentation test 
 
Nano-indentation tests were conducted by an ASI Ultra Micro Indentation System 
(ASI Australian Scientific Instruments). 
 
3.7.9  X-ray Photoelectron Spectroscopy (XPS) 
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 The X-ray photoelectron spectroscopy (XPS) measurements were carried out by an 
AXIS His spectrometer (Kratos Analytical Ltd., UK) using the monochromatized Al 
Kα X-ray source (1486.6eV photons) at a constant swell time of 10ms and a pass 
energy of 40eV. 
 
3.7.10  UV-Vis measurement 
 
The reflection UV-Vis spectra were obtained in the range of 200-800nm with a UV-
2401 PC Spectrophotometer (Shimadzu) and the wavelength of 20% reflection were 
recorded. 
 
3.7.11  Membrane density measurement 
 
The densities of dense films were measured by a Mettler Toledo balance coupled with 
a density kit based on the Archimedes’ principle. The weights of samples in air (wair) 
and in a known density liquid i.e. HPLC ethanol (wethanol) at room temperature were 
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DEHYDRATION OF ISOPROPANOL AND ITS COMPARISON WITH 
DEHYDRATION OF BUTANOL ISOMERS FROM THERMODYNAMIC 
AND MOLECULAR ASPECTS   
 
4.1  Introduction 
 
Presently, IPA is drawing attention as an important solvent in pharmaceutical and 
electronic industries. Most of the applications require high purity, i.e. 99.5% of IPA 
content (Carr, 2002; Kondo et al., 2003). However, IPA forms an azeotrope with 
water at around 88wt% at atmospheric pressure (Gmehling et al., 1991) and this 
makes it difficult to be separated from water by conventional processes. Compared to 
conventional processes such as extractive distillation or adsorption, pervaporation is 
very promising because of its interesting energy saving aspect (Feng and Huang, 
1992) and effectiveness for azeotropic separation and solvent recovery.  
 
Pervaporation uses a dense membrane as a barrier to separate liquid mixtures. The 
solution-diffusion model is generally accepted (Wijmans and Baker, 1995; Feng and 
Huang, 1997) to describe the transportation of pervaporation membranes. Besides the 
driving force difference, the separation can also be achieved by the differences in 
diffusivity and solubility of each component through the membrane. However, the 
preferential sorption contributes more to the selectivity of pervaporation membranes 
than gas separation membranes. Generally, the transport phenomenon in 
pervaporation is more complicated than many other membrane processes, such as 
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microfiltration and air separation. This makes the analysis of experimental data very 
difficult. The feed side of a pervaporation membrane is in contact with a liquid 
mixture, and hence the degree of swelling and plasticization are strongly affected by 
the composition of feed liquid mixture. As a result, the permeability of each 
component is also affected. Moreover, mutual interaction between liquid molecules is 
much stronger than gas molecules, thus increases the complexity of the pervaporation 
transport. Mulder and Smolders, Huang and many other researchers have laid the 
foundation of the solution-diffusion model based on the free volume theory and the 
modified Flory-Huggins thermodynamics (Mulder and Smolders, 1984; Huang and 
Rhim, 1991; Mulder, 1991; Mulder and Smolders, 1991; Yeom and Huang, 1992).  
The Flory-Huggins interaction parameters were employed to describe the interactions 
between permeants as well as between permeants and the membrane (Mulder and 
Smolders, 1984; Huang and Rhim, 1991; Mulder, 1991; Yeom and Huang, 1992).   
 
Coupling effects have often been reported in pervaporation (Mulder and Smolders, 
1984; Kedem, 1989; Huang and Rhim, 1991; Mulder, 1991; Mulder and Smolders, 
1991; Wessling et al., 1991; Yeom and Huang, 1992; Drioli et al., 1993; Goethaert et 
al., 1993; Ji et al., 1994; Schaetzel et al., 2001). This phenomenon arises from the 
complicated coupled transport of the penetrants across the membrane. One 
component may flow without or even against its own driving force because of the 
influence of the other component and the membrane. The origins of coupling may be 
derived from two aspects; namely, thermodynamics and kinetics (Mulder and 
Smolders, 1984; Huang and Rhim, 1991). Thermodynamically, interactions between 
the penetrants molecules always exist depending on their chemistry. Kinetically, 
diffusion with the aid of thermodynamic interactions induces kinetic coupling. 
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Kedem considered this type of coupling as a mutual drag (Kedem, 1989). Wessling et 
al. reported the extent of coupling depends on the difference in the permeabilities of 
the pure components (Wessling et al., 1991). In addition, the physicochemical 
interactions between the penetrants and the membrane material may result in 
membrane swelling or plasticization, thus change the thermodynamics of the sorption 
of penetrant components in the membrane and the dynamics of diffusion jumps 
between the interstitial chain spaces.  Drioli et al. believed the orientation of the 
dissolved penetrant molecules also alter the configuration of the microvoids among 
the polymer chains and results in the facilitation or inhibition of transport of the other 
component through the membrane (Drioli et al., 1993). Schaetzel et al. investigated 
dehydration of aqueous ethanol solution through a PVA based membrane and 
concluded that coupling phenomenon is more exhibited for the flux of ethanol (the 
slow permeant) than for the flux of water (the fast permeant) (Schaetzel et al., 2001). 
 
Ethanol separation by pervaporation has received most attention during the last 
several decades (Mulder and Smolders, 1984; Huang and Yeom, 1990; Mulder and 
Smolders, 1991; Yeom and Huang, 1992; Wu et al., 1994a; Yeom et al., 2001), while 
intensive research on IPA separation by pervaporation just started about from 10 
years ago (Rautenbach et al., 1988; Feng and Huang, 1992; Burshe et al., 1997; Lee 
and Hong, 1997; Atra et al., 1999; Lee et al., 1999; Gallego-Lizon et al., 2002b; 
Molina et al., 2002; Yu et al., 2002; Kondo et al., 2003). Most of published works 
focus on the dehydration of IPA. Among the polymeric materials being investigated, 
PVA based membranes are the most popular one. This is probably because PVA is a 
highly hydrophilic polymer and has unique film-forming characteristics. Controllable 
hydrophilicity and good chemical-resistant properties make it very effective for 
68 
pervaporation dehydration. However, the performance of PVA membranes for 
ethanol and IPA is often interpreted using flux and separation factor. It is worth 
noting that these two parameters traditionally used to characterize pervaporation 
membrane performance are a complex combination of the effect of driving forces, the 
effect of interaction between permeants, and the intrinsic property of the membrane. 
Wijmans and Baker (Wijmans and Baker, 1993; Wijmans, 2003) proposed using the 
normalized permeation flux (permeance) to exclude the effect of operating conditions 
and to reveal the intrinsic property of the membrane. We have studied the dehydration 
of aqueous butanol solutions and compared flux vs. permeance and separation factor 
vs. selectivity (Guo et al., 2004a) and found that normalizing the flux with respect to 
the driving force would make the comparison much more meaningful and 
explainable. In other words, using permeance and selectivity can significantly 
decouple the effect of operating conditions on performance evaluation, therefore 
clarify and quantify the contribution by the nature of the membrane to separation 
performance. By doing so, it also brings new insights to the factors that truly govern 
mass transport in pervaporation. However, such comparison of using permeance and 
selectivity rather than flux and separation factor is still fairly scarce in the literature.  
 
In order to confirm our previous observation on other systems and to facilitate the 
understanding of the complicated relationship between permeance/permeability and 
plasticization/swelling, we choose the dehydration of IPA systems using two different 
commercial PVA/PAN composite membranes in this study. We also try to compare 
the pervaporation of IPA systems with a series of butanol isomer systems by using 
permeance to elucidate the influence of permeants interaction, their molecular shapes 
and sizes on the performance. 
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4.2  Results and Discussion 
4.2.1  ATR-FTIR analysis 
 
The ATR-FTIR spectra in Figure 4.1 show that PERVAP 2510 has a stronger peak at 
wave-number 1082cm-1 (the hydroxy C-O stretching vibration band) than that of 
PERVAP 2201. These results clearly suggest that the number of hydroxy C-O groups 
in PERVAP 2510 is higher than that in PERVAP 2201, indicating that the former has 
a lower degree of cross-linking but a higher degree of hydrophilicity than the latter 
because the hydroxy (OH) group tends to have strong hydrogen bonding with water. 
In addition, PERVAP 2510 has a strong peak at wave-number 1722cm-1, indicating 
that ester groups have been formed during cross-linking, and an acid such as maleic 
acid or citric acid might have been employed as the cross-linking agents. PERVAP 
2201 clearly has no ester groups. However, it has a peak at wave-number 1012cm-1 
which may be the acetal ring C-O stretching vibration band (Kim et al., 2002). If so, 
PERVAP 2201 may use the other type of cross-linking agents such as glutaraldehyde 
for its cross-linking reactions. 
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 Figure 4.1 ATR-FTIR spectra of PERVAP 2510 and PERVAP 2201 
 
4.2.2    Influence of feed water concentration and temperature on water flux and 
permeance 
 
Figure 4.2 illustrates the water flux vs. feed water concentration at different 
temperatures. For both membranes, water flux increases with increasing feed water 
concentration and feed temperature. This trend is consistent with the previous reports 
in the dehydration of aqueous alcohol systems through hydrophilic polymeric 
membranes (Rautenbach et al., 1988; Huang and Yeom, 1990; Wu et al., 1994a; 
Burshe et al., 1997; Lee and Hong, 1997; Atra et al., 1999; Yeom et al., 2001; 
Gallego-Lizon et al., 2002b; Molina et al., 2002; Yu et al., 2002). The effect of feed 
water composition on water flux increase was traditionally explained by the 
plasticizing effect. In other words, PVA has strong interactions with water through 
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hydrogen bonding because it is a strong hydrophilic material with highly polar groups. 
However, this conclusion may not be fully in agreement with the analysis generated 
from the permeance vs. feed water concentration plot. Figure 4.3 shows the water 
permeance as a function of feed water concentration at different temperatures. 
Although water flux for both membranes show strong dependence on feed 
concentration and temperature, a remarkable difference can be observed in their water 
permeance vs. water concentration plots. For PERVAP 2510, water permeance 
increases sharply with feed water concentration, but does not show strong dependence 
on temperature. For PERVAP 2201, water permeance shows rather flat relationship 
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Figure 4.2 Water flux vs. feed water concentration at different temperatures (A. 
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Figure 4.3 Water permeance vs. feed water concentration at different temperatures 
(A. PERVAP 2510, B. PERVAP 2201) 
 
The causes of different temperature and water concentration responses on permeance 
for these two membranes possibly arise from three factors: 1) PERVAP 2201 has a 
higher degree of cross-linking than that of PERVAP 2510, as shown in Figure 4.1, 
and 2) PERVAP 2510 has a lower water contact angle (40°) than PERVAP 2201 
(53.2°). The former implies PERVAP 2201 has a tighter chain packing and probably 
less swelling characteristics than PERVAP 2510, while the latter indicates PERVAP 
2510 has stronger hydrophilicity than PERVAP 2201. This implies that, compared to 
PERVAP 2201, PERVAP 2510 has a higher sorption capability (sites) to adsorb 
water molecules and its strong water affinity and a less degree of cross-linking 
density makes the sorption thermodynamically easier. As a result, the water 
permeance of PERVAP 2510 increases more rapidly than PERVAP 2201 with an 
increase in feed water concentration. The other factor is 3) the degree of counter-
balance of the negative temperature effect on sorption and the positive temperature 
effect on diffusion because an increase in temperature tends to reduce sorption, but 
increase diffusion. The water permeance of PERVAP 2510 does not show strong 
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dependence on temperature mainly because it has a low degree of cross-linking and 
these two effects may work against each other.  
 
Because PERVAP 2201 has a higher degree of cross-linking and a lower degree of 
hydrophilicity, its cross-linking network may help to stabilize the structure from 
swelling and its water permeance shows relatively invariant with feed water 
concentration. Under this circumstance, feed temperature plays a much more 
important role to loosen the structure and enhance permeance because a higher feed 
temperature not only can boost the free volume produced by the random thermal 
motion of the membrane chains, but also increase the frequency of diffusion jumps. 
Consequently, water permeance shows a clear increase with increasing feed 
temperature, as illustrated in Figure 4.3B.   
 
Figure 4.4 draws the Arrhenius plots of water flux vs. temperature and Table 4.1 
show a comparison of the activation energy of water permeation across these two 
membranes. The average activation energy of water permeation across PERVAP 
2510 and PERVAP 2201 are 43.6kJ/mol and 62.7kJ/mol, respectively. These values 
indicate higher energy is needed for water permeation through PERVAP 2201; this is 



























































Figure 4.4 Arrhenius plots of water flux vs. temperature at different feed water 
compositions (A. PERVAP 2510, B. PERVAP 2201) 
 
Table 4.1 Activation energies for PERVAP 2510 and PERVAP 2201 membranes 
Activation energy 
(kJ/mol) Total Water Isopropanol 
PERVAP 2510 45.4 43.6 81.1 
PERVAP 2201 62.8 62.7 94.9 
 
 
4.2.3 Influence of feed water concentration and temperature on IPA flux and 
permeance 
 
Figures 4.5 and 4.6 compare the performance of IPA transport in both membranes in 
terms of IPA flux and permeance vs. feed water concentration plots. Generally, IPA 
flux and permeance for both membranes increase with an increase in feed water 
concentration and temperature. It is understandable that both IPA flux and permeance 
may follow the same trend because, based on Equation (3.10) at a fixed temperature, 
IPA flux (J1) increases while  decreases with increasing feed water 
concentration. Since is negligible, the calculated IPA permeance (P1) must 
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Figure 4.5 IPA flux and permeance vs. feed water concentration at different 
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Figure 4.6 IPA flux and permeance vs. feed water concentration at different 
temperatures for PERVAP 2201 membrane 
 
The proportional relationship between IPA flux and water flux shown in Figure 4.7A 
and 4.7B reveals that there is a coupling relation between IPA and water transports. 
However, the coupling relationship seems to be more complicated in PERVAP 2510 
(more hydrophilic one) than in PERVAP 2201 (less hydrophilic one). The IPA flux 
versus water flux data of PERVAP 2201 apparently follow narrowly and 
approximately a linear relationship, while data of PERVAP 2510 scatter but vary 
clearly with feed temperature. This interesting phenomenon may be due to the fact 
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that these two membranes have 1) different degrees of cross-linking and affinity to 






















































































































Figure 4.7 Plots of IPA flux vs. water flux and IPA permeance vs. water permeance 
at different temperatures (A and C for PERVAP 2510; B and D for PERVAP 2201) 
 
More insight can be revealed when redrawing the above data in IPA permeance vs. 
water permeance plots, as illustrated in Figures 4.7C and 4.7D, because the slope of 
IPA permeance vs. water permeance curves could be considered as an indicator of the 
degree of coupling transport. The coupling transport in PERVAP 2510 decreases 
clearly with decreasing temperature, indicating the dragging forces induced by water 
flux decline with a decrease in temperature. However, the coupling transport in 
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PERVAP 2201 seems not show clear temperature dependence, possibly because of 
the effects of tighter and higher cross-linking structure.  
 
4.2.4 Separation factor and selectivity of PERVAP 2510 and PERVAP 2201 
 
Figures 4.8A and 4.8B show the separation factor of both membranes decreases with 
an increase in feed water composition. When temperature arises, separation factor 
decreases too. Much higher separation factors are observed for PERVAP 2201 than 
PERVAP 2510. This also can be explained by a higher degree of cross-linking of 
PERVAP 2201. 
 
Since the relationship between separation factor and membrane selectivity can be 

































γα               (4.1) 
where and are the molar and mass flux, respectively, and 60/18 = 3.3 is the ratio 
of molecular weights of IPA to water. If  and  in the permeate side are very 































γα ===                (4.2) 




P=β                     (4.3) 
This equation indicates that the difference between separation factor and selectivity is 
solely determined by the ratio of activity coefficients of water and IPA at different 
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water content because the ratio of their vapor pressures in saturation ( ss pp 12 ) is 
constant at a fixed temperature.  
 
Equation (4.2) also suggests that the separation factor vs. feed water content plots 
tend to have bigger negative slopes than that in the selectivity vs. feed water content 
plots (Figure 4-8C and 4-8D) because the activity coefficient of water (γ2) decreases 
but that of IPA (γ1) increases with an increase in feed water concentration and the 
permeate side pressure is very close to zero. Therefore, the separation factor vs. feed 
water content plots may mislead the analysis of water influence on membrane 
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Figure 4.8 Separation factor and selectivity vs. feed water concentration at different 




4.2.5  A comparison of the dehydration of aqueous homologous alcohol 
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Figure 4.9 Water flux and permeance for various aqueous alcohol mixtures vs. feed 
water concentration at 80°C for PERVAP 2510 membrane (data of butanol systems 
from (Guo et al., 2004a; Guo et al., 2004b)) 
 
Figure 4.9 shows a comparison of water flux and water permeance for the 
dehydration of aqueous IPA vs. butanol mixtures through PERVAP 2510 at 80°C 
(Guo et al., 2004a; Guo et al., 2004b). In the flux vs. feed water concentration plots, 
the water fluxes of aqueous butanol mixtures are slightly higher than that of aqueous 
IPA mixture. This is consistent with the different driving forces of water in the 
different aqueous mixtures.  As listed in Table 4.2, both water activity coefficient and 
partial water vapor pressure in the butanol-water systems are higher than that in the 
IPA-water system, thus the former has a higher driving force of water across the 
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membrane than the latter. However, when we re-plot the data in Figure 4.9A in terms 
of permeance vs. feed water concentration (wt%), as shown in Figure 4.9B, the 
difference among them is reduced. Furthermore, the data tend to congregate to a 
single line when feed water mole % is used instead of water concentration in wt% 
(see Figure 4.9C). Therefore, one may conclude that the transport of water is not 
strongly affected by alcohol types in this strong hydrophilic PVA membrane over the 
range of feed concentrations studied because water is a strong plasticizing agent for 
PVA membranes.  
 
Table 4.2 List of activity coefficients and partial pressures of alcohols and water at 













pressure of alcohol 
p1f (kPa) 
IPA 2.1621 30.7 1.1011 71.3 
1-butanol 2.4968 35.6 1.1172 17.1 
2-butanol 2.3633 33.6 1.1002 35.4 
tert-butanol 2.5308 36 1.1264 72.6 
 
Figure 4.10 shows a comparison of alcohol flux and permeance for various aqueous 
alcohol mixtures vs. feed water concentration at 80°C for the PERVAP 2510 
membrane. The orders of both flux and permeance follow 1-butanol > 2-butanol > 
IPA ≥ tert-butanol. As we have discussed in Section 4.2.3, these orders cannot be 
modified when we plot them in permeance. In addition, IPA would show higher flux 
and permeance than that of tert-butanol if their plots are made in terms of molar flux 
instead of weight flux (not shown here in order to shorten the paper length). Table 4.2 
shows the alcohol activity coefficients and partial alcohol vapor pressures in various 
alcohol-water systems, while Table 4.3 provides solubility and polarity parameters of 
IPA, butanols, water and PVA. It seems that the orders of alcohol flux and permeance 
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are not affected by alcohol driving forces, and it cannot be interpreted solely by the 
alcohol activity coefficient and solubility parameter differences between alcohols and 
the membrane, and between alcohols and water (Trifunovic and Trägårdh, 2003). 
Neither can it be interpreted solely by the alcohol polarity parameters ET(30) 
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Figure 4.10 Alcohol flux and permeance for various aqueous alcohol mixtures vs. 
feed water concentration at 80°C for PERVAP 2510 membrane (data of butanol 
systems from (Guo et al., 2004a; Guo et al., 2004b)) 
 
 





 δp   
(cal1/2cm-3/2) 
δd    
(cal1/2cm-3/2) 




IPA 12.4 3.6 8.2 8.4 48.4 
1-butanol 12 3 8.7 7.7 50.2 
2-butanol 11.6 2.9 8.3 7.6 47.1 
tert-butanol 11.3 2.8 8 7.5 43.3 
Water 23.4 7.8 7.6 20.7 63.1 
PVA 19.1 6.9 7.8 11.7 - 
* ET(30) value from (Reichardt, 1998) 
 
Huang and Javis studied the separation of water from methanol, ethanol and 
propanols mixtures (Huang and Jarvis, 1970). They found that the separation 
performance increased with an increase in alcohol molecular weight and, for alcohol 
molecules with similar molecular weights, a better separation performance could be 
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obtained for those having larger molecular cross section. Scharnagl et. al. pointed out 
that the smaller alcohol molecular size and the higher polarity also increase the 
sorption of that alcohol in a hydrophilic membrane (Scharnagl et al., 1996). Table 4.4 
summarizes several physicochemical properties of IPA, butanols and water molecules.  
When comparing the trend of these molecular properties with Figure 4.10, it seems 
that the orders of alcohol flux and permeance cannot be easily interpreted by their 
density, molecular weights, radii of gyration, kinetic diameters (Bowen et al., 2003), 
average dynamic cross-sections (Clément et al., 2004), and molecular volumes. 
However, it appears that the quasi “aspect ratio” (shown in Table 4.4) or linearity of 
alcohol molecules plays an important role to explain these orders because it correlates 
very well with the permeation results of each component as shown in Figure 4.10. 
 
Table 4.4 The physicochemical properties of IPA, butanols and water 
 IPA 1-butanol 2-butanol tert-butanol water 
Molecular weight 60 74 74 74 18 
ρ (g/cm3) (T=25°C) a 0.785 0.81 0.808 0.789 1 
Boiling point (°C) 82.4 117.2 99.5 82.3 100 
Molecular volume V (Å3) b 127 152 152 156 30 
Radius of gyration (Å)  2.81 3.25 3.2 3.07 0.62 
Kinetic diameter (nm) c 0.47 0.5 0.5 - 0.3 
Average dynamic cross-
section a 1.38 1.22 1.48 2.04 - 
Quasi aspect ratio 
<r2>/<s2> 1.98 4.37 3.35 1.51 - 
a: (Clément et al., 2004). 
b: The volume per molecule is calculated by the molecular weight divided by the density and the 
Avogadro number.(Huang and Jarvis, 1970).  
c: (Bowen et al., 2003). 
 
The value of <r2>/<s2> was calculated by the Cerius2 software package (Cerius2 
simulation tool user’s reference, molecular simulations software for material science, 
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Molecular Simulation Inc., San Diego, CA, 1996.) where it calculated the physical 
properties of a molecule, such as the mean-square displacement length and radius of 
gyration of a molecule based on van der Waals interactions, electrostatic (Coulombic) 
and torsion interactions. <r2> is the mean squared end-to-end distance (Å2), and <s2> 
is the mean squared radius of gyration (Å2). The ratio of these two parameters can be 
used to characterize the aspect ratio or linearity of molecules. The higher the 
<r2>/<s2> value, the more linear the molecular shape is, indicating the molecules are 



































































Figure 4.11 Alcohol flux and permeance for various aqueous alcohol mixtures vs. 
water flux and permeance at 80°C for PERVAP 2510 membrane (data of butanol 
systems from (Guo et al., 2004a; Guo et al., 2004b)) 
 
In addition to the quasi aspect ratio, the complicity of the orders of alcohol flux and 
permeance is also due to coupled transport induced by water. Figure 4.11 shows the 
flux and permeance of selected alcohols increase linearly with water flux and 
permeance. The slopes reveal that 1-butanol has the strongest coupling effect with 
water, while tert-butanol has the least coupling effect with water. The highest 
coupling between 1-butanol and water may be explained from the aspects of 
thermodynamics and molecular structure: 1) closer solubility parameter and 2) high 
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linearity of 1-butanol structure, while the lowest coupling between tert-butanol and 
water can be elucidated from the two same aspects:  1) biggest difference in solubility 
parameter and 2) the steric hindrance of branch chain alcohol (Lai et al., 1993). 2-
butanol has a higher linearity than IPA, while IPA has a higher linearity and closer 
solubility parameter than tert-butanol. As a result, the orders of both flux and 
permeance follow 1-butanol > 2-butanol > IPA ≥ tert-butanol.  
 
Interestingly, similar to solubility parameter, 1-butanol and water also have the 
closest polarity parameter (ET(30)), while tert-butanol and water have the largest 
difference in polarity parameter. The similar effects of solubility and polarity 
parameters on coupled transport imply there might be a correlation between these two 
parameters. Thermodynamically, molecules having larger polarity parameters (ET(30)) 
tend to form polar-polar groups with water. Therefore, 1-butanol has the strongest 
coupling effect with water, while tert-butanol has the least coupling effect with water. 
Since 2-butanol and IPA have close ET(30) values, the order of their coupled 
transports cannot be simply explained by their difference in ET(30) but the difference 
in their molecular linearity should also be taken into consideration. 
 
This study suggests that except solubility parameter, polarity parameter and 
molecular linearity, the individual effects of other physicochemical properties of IPA 
and butanols cannot be manifested or observed clearly if coupled transports become 
dominant in the dehydration process. 
 
4.3  Conclusions  
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This paper has studied the dehydration of IPA using two commercially available 
composite PVA/PAN membranes made from different cross-linking agents with 
different degrees of cross-linking and hydrophilicity. A comparison has also been 
made to understand how the physiochemical properties of permeants affect coupled 
transport for different water-alcohol mixtures. The following conclusions can be 
made: 
1. PERVAP 2201 has a tighter chain packing and a higher degree of cross-linking 
than PERVAP 2510, while PERVAP 2510 has stronger hydrophilicity than 
PERVAP 2201. As a result, for PERVAP 2510, water permeance increases 
sharply with feed water concentration, but does not show strong dependence on 
temperature. For PERVAP 2201, water permeance shows rather flat relationship 
with feed water concentration, but increases with increasing temperature. The 
activation energy of water permeation across PERVAP 2510 and PERVAP 2201 
are 43.6kJ/mol and 62.7kJ/mol, respectively.  
2. An apparent coupling phenomenon has been observed between IPA and water 
transports. However, the degree of coupled transport is dependent on the 
membrane properties, such as the degree of cross-linking, affinity to water and 
structure responses on temperature rise. 
3. Using flux and separation factor may mislead the analysis of feed water influence 
on membrane performance and exaggerate the plasticization phenomenon.  
4. With the aid of permeance (especially water permeance versus feed water 
concentration in mol %), we found that the mass transport of water is not strongly 
affected by the difference in alcohols in these systems.  By comparing permeance 
of alcohols, we found that the permeance of studied alcohols followed the 





FABRICATION AND CHARACTERIZATION OF BTDA-TDI/MDI (P84) CO-
POLYIMIDE MEMBRANES FOR THE PERVAPORATION DEHYDRATION 
OF ISOPROPANOL  
 
5.1  Introduction 
 
Separation of azeotropic solvents, i.e., low molecular weight alcohols, ketones, ethers, 
acids and their mixtures with water is difficult to be achieved by conventional process 
such as distillation or adsorption. As an effective method for azeotropic separation 
and solvents recovery (Baker et al., 1991), pervaporation is very promising because 
of its energy saving aspect and simplicity. Briefly, pervaporation may use an 
integrally-skinned or composite asymmetric membrane to separate liquid mixtures, in 
which the dense selective skin of the membrane is in contact with the feed liquid 
while the other side of the membrane is applied vacuum or a carrier gas. GFT was the 
pioneer successfully developing multilayer composite membranes (Bruschke, 1988) 
with a cross-linked polyvinyl alcohol (PVA) or cellulose acetate thin layer on top of a 
polyacrylonitrile or polysulfone support layer for pervaporation dehydration. 
However, most pervaporation membranes made from highly hydrophilic materials 
such as PVA, cellulose acetate and chitosan are restricted at low feed water content. 
This is due to the strong membrane swelling in high water content solutions which 





As a potential candidate for developing high separation performance pervaporation 
membranes, the aromatic polyimide family possesses a number of attractive 
mechanical and physicochemical properties (Ohya et al., 1996). This class of 
polymers usually has high glass transition temperatures (Tg) and excellent thermal 
stability. In addition, polyimides are reasonably stable in most organic solvents and 
weak acids. Their selectivity towards water is attributed to the preferential interaction 
between water molecules and the imide groups through hydrogen bonding. Not only 
showing superior performance as membrane materials for gas separation (Koros et al., 
1988), they are also promising for vapor permeation (Tanihara et al., 1992) and 
pervaporation for separation of water and organic mixtures (Yanaga et al., 1988; Kita 
et al., 1989; Okamoto et al., 1992; Huang and Feng, 1993; Yanagishita et al., 1994; 
Ohya et al., 1996; Yanagishita et al., 1997; Kim et al., 2000; Yanagishita et al., 2001). 
Table 5.1 summarizes most of the recent researches on polyimide membranes for 
pervaporation dehydration of water/alcohol mixtures. The Sulzer PERVAP® 2510 





















































































Dense polyimide membranes usually yield high selectivity but low permeability. 
Membranes possessing an ultra-thin dense selective layer are therefore preferred 
owing to advantages of maintaining both high selectivity and high permeability. 
However, it is not trivial in practice to fabricate polyimide membranes with an ultra-
thin defect-free selective layer. The superior chemical resistance of some polyimides 
to many common solvents also creates difficulties to prepare suitable casting 
solutions for the production of defect-free asymmetric membranes by the phase 
inversion method. Although in situ polymerization may usually form very thin skin 
layer (Yanagishita et al., 1997; Kim et al., 2000; Yanagishita et al., 2001), it increases 
the complexity of the membrane fabrication process. 
 
P84 (BTDA-TDI/MDI, copolyimide of 3,3’4,4’-benzophenone tetracarboxylic 
dianhydride and 80% methylphenylene-diamine + 20% methylene diamine), a most 
recent commercially available polyimide, has received significant attention for 
applications as a novel membrane material in ultrafiltration (Beerlage, 1994; White, 
2001), nanofiltration (White, 2002), gas separation (Barsema et al., 2003), or as a 
precursor in preparation of carbon molecular sieve membranes (Barsema et al., 2002; 
Tin et al., 2004a; Tin et al., 2004b). Not only can it withstand many organic solvents 
such as toluene, hydrocarbons, alcohols and ketones (Beerlage, 1994; White, 2001; 
White, 2002), but also exhibits high selectivity with superior anti-plasticization 
properties against CO2 in gas separation (Barsema et al., 2003). Despite of its 
excellent chemical resistance and other inherent properties, to our best knowledge, no 
academic report on utilizing this material for pervaporation dehydration of IPA can be 
found. Therefore, the aims of this paper are to investigate the intrinsic properties of 
P84 membranes in pervaporation process, and to explore the science and engineering 
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in fabricating flat asymmetric P84 membranes for pervaporation. The effect of non-
solvents in dope formulation on membrane formation and the effect of operating 
conditions on membrane separation performance will also be studied.  
 
5.2  Results and Discussions 
5.2.1  The apparent intrinsic properties of P84 dense membranes 
 
The one month sorption of P84 dense films in pure DI water is 0.035g/g membrane, 
while it in IPA is only 0.006g/g membrane. This shows that water may be 
preferentially sorbed in this polymer. The pervaporation properties of P84 dense 
membranes with three different thicknesses i.e., 10, 28 and 39µm were measured at 
varied temperatures. The feed solution contained 85wt% IPA. Figure 5.1 shows the 
variations of flux and separation factor with temperature. Both flux and separation 
factor exhibit very strong dependence on membrane thickness. The 10µm dense 
membrane has the highest flux and separation factor. In addition, total flux increases 
while separation factor decreases with temperature. However, after converting flux 
and separation factor into permeability and selectivity, respectively, Figure 5.2 gives 
more meaningful relations and indicates that the water and IPA permeability of three 
dense membranes are not so much different except that the 10µm dense membrane 
has an obviously lower IPA permeability and higher selectivity than those of 28 and 
39µm dense membrane. This phenomenon might be due to the fact that a thinner 
membrane has a higher degree of chain packing density which could better 
differentiate the diffusion of water and IPA molecules. Thickness-dependent 
permeability phenomena for different gas pairs have been found in gas separation 
membranes (Pfromm and Koros, 1995; McCaig and Paul, 2000; Zhou et al., 2003). 
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Because permeability is a product of diffusion coefficient and solubility, if solubility 
decreases faster than diffusivity increase with the rise of temperature, it may lead to 








































Figure 5.1 Pervaporation performance of three dense P84 membranes at different 









Figure 5.2 Mass-based permeability coefficients of water and IPA and selectivity of 
three dense membranes at different temperatures. (Continuous line indicated water 
permeability coefficient; dotted line indicated IPA permeability coefficient) 
 
However, the selectivity shown in Figure 5.2 is much less than the separation factor 
as shown in Figure 5.1. This can be explained by the following equation related to 
separation factor (α) and selectivity (β) if the permeate side pressure is very small 
and negligible (Qiao et al., 2005a) 
pp

























































































































































    
(5.1) 
where is the mass flux and J P  is the permeance based on mass. 60/18 = 3.3 is the 
ratio of molecular weights of IPA to water. Here β is the mass-based membrane 
selectivity. 
 































































−==      (5.2) 
where is the molar flux and 'J  'P is the eance based on mole. x and y are the  perm
mole fractions at the feed and permeate side, respectively. β’ is the mole-based 





1/2 / PP=β                                          (5.3) 
ctivity and s parati  facto  is re ted bTherefore, the mole-based sele e on r la y a term of 
s
sp22γ . Comparing equations (5.1) with (5.2), one may notice that the difference 
between separation factor and mass-based selectivity. Table 5.2 lists the calculation 
of the ratio 
p11γ
between separation factor and mole-based selectivity is much closer than those 
s
sp22γ  for a solution containing 85wt% (63mol%) IPA in water. The table 
increases with increasing of temperature at this feed composition. Figure 5.3 converts 
p11γ
indicates that separation factor is less than mole-based selectivity and the difference 
mass basis permeance and selectivity into mole basis.  
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Table 5.2 The calculations of ss PP 1122 /γγ  
P1s  P2s  γ1P





(kPa) γ2P2s/γ1P1s γ2 (kPa)
100 1.1448 1 2.538 132.676 0.816 .8802 141.98 70.565 16
80 1.1618 1.9436 67.708 34.109 78.663 66.295 0.843 
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ompared the pervaporation performance (i.e., flux of 64.4g/m2hr and separation
fa
membranes and the commercial PERVAP 2510 membrane as shown in Table 5.1, the 
former has impressively high separation factor. This implies that P84 may be a very 
good candidate as a membrane material for pervaporative dehydration. 
 
5.2.2  P84 asymmetric membranes 
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as chloroform, dichloromethane, and tetrahydrofuran. Two different volatile non-
solvents, namely ethanol and acetone were selected as additives. Table 5.3 lists the 
boiling points, solubility parameters and vapor pressures of solvents and non-solvents 
used in this work. Figure 5.4 illustrates the phase diagram for P84/NMP/non-solvent 
systems. Water is a strong non-solvent; therefore its binodal curve is very close to the 
P84-NMP axis, followed by ethanol, then acetone. Comparing solubility parameters 
as listed in Table 5.3, acetone has the closest solubility parameter with NMP among 
the non-solvents studied. The addition of non-solvent not only changes the 
rheological behavior (viscosity) and thermodynamic properties of the polymer 
solution (Torrestiana-Sanchez et al., 1999; Ren et al., 2004), but also alters the 
coagulation paths and exchange rates of solvent /non-solvent and coagulant during 
the membrane formation because of different volatility, molecular sizes, and 
physicochemical properties (Beerlage, 1994; Torrestiana-Sanchez et al., 1999; Clausi 
and Koros, 2000; White, 2002; Li et al., 2004a; Ren et al., 2004). Thus, the addition 
of non-solvent affects the skin formation and morphology. 
 
solvents and non-solvents 
Table 5.3 Boiling points, solubility parameters and vapor pressures of selected 
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Figure 5.4 Binodal curves of the ternary systems (a) P84, NMP, water; (b) P84, NMP, 
Ethanol and (c) P84, NMP, acetone. 
 
 
5.2.2.2 Performance of P84 membranes prepared from different non-solvents as 
additives 
 
Asymmetric membranes were cast from three solution compositions by the method 
described in Section 3.2.2. One of polymeric solutions contains no non-solvent, while 
the other two consist of either ethanol as a non-solvent or acetone as a non-solvent. 
Table 5.4 summarizes their solution compositions and the resultant membranes’ 
pervaporation performance. Figure 5.5 shows the morphology of the cross-section, 
top selective skin and its higher magnification for each membrane. All membranes 
have a porous cross-section and no macrovoid can be observed. Besides, there is no 
sharp difference in porosity and morphology in the bottom supporting layers. 
However, they exhibit different nodule packing structures at the top selective layer. 
The membrane casting from a solution containing ethanol has a loose nodule structure 
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at the skin layer, whiles the membrane casting from a solution containing acetone has 
a tight and apparently fused nodule structure. The membrane casting from a solution 
without any non-solvent additive shows morphology between two extremes. Clearly, 
the low boiling point and high volatile nature of acetone play important roles on the 
top-skin formation because acetone can evaporate rapidly from the as-cast film 
surface during the hot air convection period, which leads to a higher local polymer 
concentration and tighter top skin structure. Furthermore, the polymer compositions 
of 25/75 (in weight ratio) P84/NMP and 25/65/10 P84/NMP/ethanol are very close to 
the binodal line as shown in the phase diagram. The closer position in the phase 
diagram to the binodal line may indicate a faster gelation path and quicker 
solidification of the structure (Matsuura, 1993). On the other hand, the distance of 
25/65/10 P84/NMP/acetone to its binodal line is much greater than those of the other 
two compositions, indicating that a longer path and longer time are required to reach 
the solidification point. Thus, there may be a sufficient time to form the polymer rich 
and polymer poor phase as shown in the FESEM pictures in Figure 5.5. 
 
Table 5.4 Pervaporation performance of membranes cast from different dope 
compositions 
 
Casting solution Performance 
Membrane 






Flux    
(g/m2-hr) SF 
25-75 25 75 0 55 2204 11 
25-65-10Et 25 65 10, ethanol 55 2487 11 
25-65-10Ac 25 65 
10, 
acetone 55 2107 14 
 
Consistent with the SEM observation, Table 5.4 shows that the membranes cast from 
dopes consisting of acetone as a non-solvent (25-65-10Ac) exhibits a relatively low 
flux and the highest separation factor. Due to the less volatile nature of ethanol (as 
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shown in Table 5.3), ethanol does not evaporate completely during the short period of 
hot convective and free-stand evaporation, which leaves ethanol still existing within 
the nascent dense selective skin and results in a loose connected nodule structure at 
the selective layer.  Therefore, the membrane cast from ethanol addition has more 













Figure 5.5 Morphology of the cross-section, top-skin layer and its higher 
magnification of membranes cast from (A) no non-solvent, (B) ethanol as non-solvent 
and (C) acetone as non-solvent 
 
5.2.2.3 Influence of heat treatment on membrane properties and performance 
 
The high flux but very low selectivity of the as-cast asymmetric membranes indicates 
the top selective skin is defective. Thus heat treatment was conducted to reduce pore 
sizes and minimize defects. Heat treatment has been considered as an effective 
method to improve membrane selectivity and stability since the birth of RO 
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(Sourirajan, 1970) and Celgard type membranes (Quynn and Brody, 1971; Sprague, 
1973), its effects on gas separation and pervaporation membranes have been briefly 
summarized by Chung (Chung, 1996) and Guo et al (Guo and Chung, 2005). 
Basically, heat treatment induces molecule relaxation and microscopically repackages 
the polymeric chains, which tend to perfect and densify the selective skins and 
minimize the surface defects. The asymmetric membranes made from acetone as an 
additive were selected for heat treatment because of their higher initial separation 
factor among three membranes. The membranes were placed in a vacuum oven with a 
slow heating rate of 6°C/10min to certain temperature (i.e., from 150°C up to 250°C) 
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Figure 5.6 Effect of annealing temperature on membrane performance tested at 55°C 




Figure 5.6 illustrates the effect of heat treatment temperature on membrane 
performance. The total flux decreases while the separation factor increases 
tremendously with an increase in heat treatment temperature especially for 
membranes heat treated at 200°C and 250°C. Figure 5.7 displays the cross-section 
morphology of the top selective skin layer as a function of heat treatment temperature. 
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Apparently the skin layer is densified with increasing heat treatment temperature. The 
morphological change of the selective skin surface was also examined by AFM as 
shown in Figure 5.8. The nodules become flatten, and the skin roughness and 
sharpness decrease with an increase in heat treatment temperature. Table 5.5 
compares the 2θ value and d-space obtained from XRD spectra of the original as-cast 
asymmetric membrane, the heat-treated asymmetric membrane and dense P84 film 
(39µm). The latter two were both treated at 250°C.  Their d-space values were 
calculated from Equation (3.13). The peak shift toward a higher value indicates that 
the d-space among polymer chains is significantly reduced after heat treatment. The 
d-space value of the heat-treated asymmetric membrane is very close to that of the 
dense film, indicating strong relaxation and significant chain rearrangement and 
densification taking place during the annealing. No visible chemical changes can be 
observed from FTIR spectra. This suggests that there are only physical and 







 (D) (C) 
100nm 
Figure 5.7 The SEM images of membranes skin layer morphology: (A) without heat 
treatment, (B) heat treated at 150°C, (C) heat treated at 200°C, (D) heat treated at 
250°C. (All images have magnification ×100k and scale bar 100nm) 
 
 
Table 5.5 d-space of P84 dense film, asymmetric membranes before and after heat 
treatment 
 
Membrane ID 2θ d-space (Ǻ) 
25-65-10Ac 13.28 6.66 
25-65-10Ac, heat treated 250°C 16.64 5.32 
Dense film 16.52 5.37 
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 (D) (C) 
(A) (B) 
Figure 5.8 3D AFM images of the skin surfaces (A) without heat treatment; (B) heat 
treated at 150°C; (C) heat treated at 200°C; (D) heat treated at 250°C. (The size of 
each image: 200nm × 200nm) 
 
The measurement of gas permeance through the heat-treated asymmetric membrane is 
an effective way to characterize the effects of annealing temperature on the 
defectiveness and thickness of the selective skin. Table 5.6 summarizes the results. 
The dense P84 membrane has O2 and N2 permeability of 0.38 and 0.046barrer, 
respectively and its O2/N2 ideal selectivity is about 8.3 at 35°C and 10atm. In 
consistent with pervaporation performance and SEM observation, the permeance of 
the asymmetric membranes before silicone rubber coating decreases with the rising of 
the heat treatment temperature while the selectivity increases, indicating that the skin 
layer was densified and defects maybe reduced. After silicone rubber coating, the 
membranes heat treated at 200°C and 250°C show high O2/N2 selectivity, while the 
membrane treated at 150°C apparently still have defects which cannot be sealed by 
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silicone rubber. The apparent dense layer thickness calculated by the gas separation 
performance after coating is slightly higher than what is observed from SEM pictures, 
and the selectivity of the heat-treated asymmetric membranes is also higher than that 
of the dense film. These phenomena may be attributed to 1) the shear-induced 
orientation by the casting knife which results in a better polymer chain packing and a 
higher selectivity (Barsema et al., 2003); and 2) the effects of the substructure 
resistance on the calculated apparent dense layer thickness (Pinnau and Koros, 1991).  
 







temperature O2 (GPU) N2 (GPU) O2/N2 
Apparent 
thickness 
(µm)   
Before coating 52.57 52.56 1 0.007 
150°C After coating 1.29 0.26 4.96 0.29 
Before coating 8.28 8.14 1.02 0.046 
200°C  After coating 0.66 0.074 8.92 0.58 
Before coating 1.14 0.42 2.71 0.33 
250°C  After coating 0.75 0.088 8.52 0.51 
 
 
When compared Figure 5.6 to Table 5.6, it appears that the effects of heat treatment at 
250°C has more impressive enhancement on pervaporation than on gas separation. 
This difference may be attributed to a bigger size difference between IPA and water 
molecules than that between O2 and N2 molecules. The kinetic diameters of O2 and 
N2 are 3.46Å and 3.64Å, respectively (Robeson, 1991) and their difference is only 
0.18Å. On the other hand, the kinetic diameter of IPA and water are 4.7Å and 3.0Å, 
respectively (Bowen et al., 2003) and their difference is 1.7Å. As a result, the reduced 
interstitial space among polymeric chains after annealing has more pronounced 
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effects to differentiate IPA and water molecules than to O2 and N2 molecules. 
Additionally, the direct contact of membrane skin layer with the feed solution in 
pervaporation not only preferentially attract water molecules but also help to 
somewhat swell the membrane polymer chains and thus reduce the influence of 
defects (Guo and Chung, 2005). 
 
5.2.2.4 Effects of feed temperature on separation performance and the hysteresis 
phenomenon 
 
The membrane that had been heat treated at 250°C was used to carry out the thermal 
cycle experiments at different feed temperatures because of its superior performance. 
The membrane was firstly tested at a feed temperature of 60ºC, then 80ºC and finally 
100ºC. Then the same membrane was re-tested at the same temperatures but with a 
reversed order, i.e., tested at 100ºC first, then 80ºC and lastly 60ºC. At each 
temperature, the membrane was allowed to stabilize for 1 hr, and two samples were 

















































Figure 5.9 Pervaporation performance of asymmetric membrane heat treated at 
250°C at different temperatures and test cycle 
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The separation performance of the as-annealed membrane clearly shows temperature-
dependent hysteresis phenomenon. Figure 5.9 indicates that membrane tests starting 
from a high temperature to a low temperature (i.e., 100oC → 60oC) have higher 
separation factors than those starting from a low temperature to a high temperature 
(i.e., 60oC → 100oC). The total flux increases rapidly with an increase in the 
feed/testing temperature but seems to be almost invariant with thermal path. When re-
plotting the data in Figure 5.9 in terms of permeance and selectivity as shown in 
Figure 5.10(A) to decouple the effect of driving force and obtain the intrinsic 
membrane properties, the water and IPA permeances of the run (100oC → 60oC) are 
slightly lower and more stable than those of the run (60oC → 100oC), whereas the 
selectivity of the run (100oC → 60oC) are higher than that of the run (60oC→100oC) 
at all test temperatures. For reader’s information, we also convert mass-based 





























































































































































Figure 5.10 (A) Mass-based pervaporation performance in terms of permeance and 
selectivity of asymmetric membrane heat treated at 250ºC at different temperatures 
and test cycles. (B) Mole-based pervaporation performance in terms of permeance 
and selectivity of asymmetric membrane heat treated at 250ºC at different 
temperatures and test cycles. 
 
The thermal-path dependent performance may be attributed to the solvent effect on 
membrane structure. Even though polyimides have high glass-transition temperatures, 
their glassy nature implies that their chain arrangement and packing as well as 
transport properties may be strongly influenced by the thermal history and penetrants 
(Coleman and Koros, 1999; Fuhrman et al., 2004; Guo and Chung, 2005). In our case, 
the membrane which has already been heat treated at 250°C is still affected by the 
thermal cycles when the membrane is tested in the solvents. The feed solvents may 
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accommodate among the polymeric macromolecules, act as a lubricant and induce 
polymer chain relaxation.  Therefore, a conditioning at higher temperatures may be 
necessary to stabilize the polyimide membrane structure in order to obtain a more 
stable and better performance for pervaporation.  
 
The pervaporation behavior (i.e., flux and separation factor vs. feed temperature) of 
P84 membranes seems not to follow the traditional trade-off phenomena. As shown in 
Figure 5.9, when the feed temperature increases, both the total flux and the separation 
factor increase, which is rather contrary to the dense P84 membrane as discussed in 
Section 5.2.1 and shown in Figure 5.2. Though the increase in separation factor with 
temperature is rarely reported, it is not a unique case for IPA/water mixtures. Such 
cases have been reported by Yanagishita for ethanol/water through a polyimide 
membrane (Yanagishita et al., 1994), by Yeom et al (Yeom et al., 2001) for 
methanol/water through a PVA membrane and by Guo et al (Guo et al., 2004b) for 
tert-butanol/water through a PVA membrane.  
 
When re-plotting Figure 5.9 in terms of permeance and selectivity, Figure 5.10 (A) 
shows that water and IPA permeances decrease with temperature while the selectivity 
increases. Since permeability is the product of solubility and diffusivity, the decrease 
of sorption at the higher temperature may be more drastic in our case and become a 
predominant factor over other effects i.e., the increase of diffusivity. Therefore the 
overall permeance decreases with temperature.  
 
On the other hand, because IPA molecular size is about 4-fold (x 4) of water 
molecules (the molecular volumes of IPA and water are 127Å3 and 30Å3, respectively 
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(Qiao et al., 2005a)), more water molecules are able to permeate through the 
interstitial space between polymer chains than IPA molecules when the temperature is 
increased. As a consequence, an increase in feed temperature tends to magnify the 
diffusivity difference between water and IPA molecules and hence increases the 
selectivity.  
 
5.2.2.5 Effect of feed water concentration 
 
To study the feed composition effects on separation performance of P84 membranes, 
we tested the 250ºC heat-treated 25-65-10Ac membrane after temperature cycle tests 
with varied feed compositions while maintaining the feed temperature at 60ºC. The 
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Figure 5.11 Mass-based pervaporation performance of asymmetric membrane heat 
treated 250ºC at different feed water content at 60ºC 
 
As shown in the graph, the total flux increases and separation factor drops when the 
feed water concentration increases. When we convert the results into permeance and 
selectivity, the strong dependence on feed water concentration is considerably 
reduced. The total permeance slightly increases with an increase in feed water 
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concentration. This can be attributed to the hydrophilic group in P84. In addition, the 
selectivity does not change significantly over the entire feed water concentration 
range. The insignificant variation of permeance and selectivity suggests that the 
swelling effect is unobvious for the P84 membrane. The contact angle measured for a 
P84 dense film (39µm) is 75.3º, indicating that P84 is not a strong hydrophilic 
material and there is an inherent good balance between its hydrophilicity and 
hydrophobicity. The lower selectivity at extremely high water concentrations may be 
attributed to the mutual drag caused by the formation of association between water 
and IPA molecules (Qariouh et al., 1999).  
 
5.3  Conclusions  
 
We have studied dense and asymmetric P84 membranes for pervaporative 
dehydration of IPA and the following conclusions can be drawn: 
1. P84 material has great potential to be used for the pervaporative dehydration 
of IPA because it is highly selective to water. Sorption data confirm the 
affinity between P84 and water. The differences in molecular size and 
diffusivity between water and IPA also contribute to the overall high 
selectivity.  
2. The performance of P84 dense membranes is thickness dependent. The 10µm 
thick dense homogenous P84 membrane exhibits similar water permeability 
but lower IPA permeability and higher selectivity than 28µm and 39µm thick 
dense membranes.  
3. Heat treatment effectively reduces defects of the membranes’ skin layer and 
enhances selectivity while reducing permeance.   
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4. The performance of P84 membranes shows strong dependence on its thermal 
history. The testing cycle from 100°C to 60°C has a more stable performance 
compared with the testing cycle from 60°C to 100°C, indicating that a 
conditioning at a higher temperature is recommended.  
5. The best separation performance was obtained from the membranes casting 
from solutions containing acetone as an additive and then heat treated at 
250°C. It has a flux of 432g/m2hr and a separation factor of 3508 at 60°C for a 
feed containing 85wt% IPA. 









FUNDAMENTAL CHARACTERISTICS OF SORPTION, SWELLING, AND 
PERMEATION OF P84 CO-POLYIMIDE MEMBRANES FOR 
PERVAPORATION DEHYDRATION OF ALCOHOLS 
 
6.1  Introduction 
 
The dehydration of alcohols using pervaporation processes has received intensive 
attention because of its strong potential in industrial applications. Low molecular 
weight alcohols are miscible with water and form azeotropes which cannot be easily 
separated by distillation but can be effectively broken up by pervaporation. Different 
from gas-separation membranes, membranes for pervaporation contact the feed liquid 
mixture directly. The feed components may not only dissolve into the membrane and 
alter the polymer chains conformation (Guo and Chung, 2005) but may also 
subsequently modify separation performance through polymer-penetrant interactions. 
Therefore, the feed chemistry and physicochemical properties play important roles in 
the separation performance of a pervaporation membrane. 
 
Most research studies on pervaporation dehydration of alcohols have focused on 
highly hydrophilic materials, such as poly(vinyl alcohol) (PVA) (Huang and Jarvis, 
1970; Lai et al., 1993; Feng and Huang, 1997; Lee and Hong, 1997; Yu et al., 2002), 
chitosan (Lee et al., 1997b; Huang et al., 1999b; Chanachai et al., 2000; Devi et al., 
2005), alginate (Yeom and Lee, 1998; Huang et al., 2000), etc. These kinds of 
materials usually have solubility parameters close to that of water. Thus, water may 
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act as a predominant plasticizer, swell the membrane chains, and reduce membrane 
separation performance even if these materials were cross-linked (Qiao et al., 2005a). 
P84 co-polyimide is now emerging as a promising material for the pervaporation 
dehydration of IPA with insignificant dependence on feed water content because of 
its superior chemical resistance and mechanical properties and lower hydrophilicity 
(Liu et al., 2005; Qiao et al., 2005b). However, despite its solvent-resistant character, 
P84 films can be affected by solvents such as alcohols. Recently, Tin et al.(Tin et al., 
2004a) found that pretreatment of P84 films by immersing the films into different 
alcohol solutions for 1 day is capable of adjusting the gas-separation performance of 
the derived carbon membranes, probably because of strong swelling induced by the 
affinity between alcohol and P84 membranes. Alcohols such as ethanol, IPA, and 
tert-butanol are important protic solvents with high polarity and can form strong 
interactions with polymers containing imide groups through polar-polar interaction, 
hydrogen bonding, or other interactions. These interactions can alter the polymer 
chain packing density or chain mobility. Nevertheless, the literature lacks in-depth 
study of the alcohol effects on P84 membranes in the pervaporation dehydration 
process. The purposes of this short note are to determine the swelling and sorption 
characteristics of P84 co-polyimide membranes in various aqueous alcohol solutions 
and to reveal the solvent-induced swelling effect on the pervaporation dehydration 
performance of P84 membranes. 
 
6.2.  Results and Discussion 











































































After 3 month After 1 month 
Figure 6.1 The sorption results of dense P84 membranes after immersing in different 
media for different immersion times 
 
The sorption tests reflect the affinity between membrane materials and the permeating 
molecules. Figure 6.1 shows the sorption data of P84 dense films in pure water, 
ethanol, IPA, and tert-butanol after 1 month and 3 months. After a 1-month 
immersion in different media, the membrane immersed in water has the highest 
degree of swelling. After a 3-month immersion, the membrane immersed in ethanol 
exhibits the highest degree of swelling. For the membranes immersed in the same 
medium for different immersion times, the degrees of swelling after the 3-month 
immersion are higher than those for the 1- month immersion. Among the different 
media, ethanol has the highest increase in the degree of swelling with a prolonged 
immersion time. This indicates that it takes a long time for P84 membranes to reach 
the sorption equilibrium because of the rigid and tight glassy polymer chains. In a 
short-term sorption, water molecules diffuse faster than alcohol molecules; therefore, 
the sorption of water in the membrane can reach its equilibrium much faster than that 
of alcohols. A long-term sorption indicates P84 may have a stronger affinity to 
ethanol than to water. This phenomenon is in agreement with the solubility 
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parameters listed in Table 6.1, which shows that P84 and ethanol have the closest 
solubility parameter. In addition, ethanol possesses the highest polarity parameter 
(Table 6.1) and the strongest hydrogen-bonding ability (proportional to the polarity 
parameter (Marcus, 1998)) among these three alcohols, which implies that the high 
interactions between polyimide and ethanol are through polar-polar groups and 
hydrogen bonds.  
 
Table 6.1 The solubility parameters of P84, water, ethanol, IPA, and tert-butanol 
Properties P84 Water Ethanol IPA Tert-butanol
Solubility parameter 
(MPa)1/2 
26.8 a 47.9 b 26.0 b 23.5 b 21.7 b 
ΔSolubility parameter* 
(MPa)1/2 




- 63.1 51.9 48.4 43.3 
*ΔSolubility parameter is the absolute value of solubility parameter of membrane minus solubility 
parameter of solvent. 
a: (Beerlage, 1994) 
b: (Barton, 1990) 
 
 
Table 6.2 summarizes the 1-month sorption data of dense P84 films in different 
aqueous alcohol solutions containing 85wt% of alcohol. Because of the combination 
of water and alcohol effects, the sorption of dense P84 films is ~2-3 times greater 
than that when immersed in pure alcohols. The sorption selectivity shows that water 
is preferentially absorbed in P84 membranes, while extremely high sorption 
selectivity is observed for the aqueous tert-butanol system. The large solubility 
parameter difference between P84 and tert-butanol, and the steric hindrance induced 
by tert-butanol’s large molecular size make P84 potentially suitable for the 
pervaporation dehydration of aqueous tert-butanol mixtures. 
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Degree of swelling 
(g/g dry membrane) 
Sorption Selectivity 
(water/alcohol) 
Ethanol 0.037 56 
IPA 0.024 660 
Tert-butanol 0.029 4146 
 
 
6.2.2 Separation performances of P84 asymmetric membranes in various 
alcohol/water mixtures  
 
The pervaporation results for feed alcohol mixtures containing 85wt% alcohols are 
shown in Figure 6.2. As per our hypothesis, the separation factor/selectivity for the 
three systems is in the order of ethanol < IPA < tert-butanol. In addition, the 
molecular volume and average dynamic cross section of three alcohols shown in 
Table 6.3 are in the same order. The larger the molecular size, the higher is the 
separation factor that can be achieved. The other factor helping P84 to have a superior 
separation factor/selectivity for the pervaporation dehydration of aqueous IPA and 
tert-butanol mixtures is its small interstitial space among P84 polymer chains, which 
can effectively discriminate molecules with different sizes. When comparing P84 
with Matrimid, another popular commercial polyimide, the d-space of the former is 
much less than that of the latter, i.e., 5.36 vs. 6.72 Ǻ (Guo and Chung, 2005). 
Therefore, P84 membranes can achieve a much better selectivity than Matrimid 













































































Figure 6.2 Pervaporation performance at various feed aqueous alcohol mixtures and 
different temperatures. (For the upper figure: continuous line is separation factor; 






















1.51 1.98 2.43 Quasi aspect ratio c 
<r2> <s2>  
4.35 4.32 4.07 End-to-end distance b (Å) 
    
 
Chemical structure 








3.07 2.81 Radius of gyration (Å) 
[HYSYS] 
156 127 Molecular volume (Å3) b 
82.3 82.4 Boiling point (°C) 
0.789 0.785 ρ (g/cm3) (T=25°C) a 
74 60 Molecular weight 
tert-Butyl alcohol IPA  Properties 
a. (Clément et al., 2004) 
b. The volume per molecule is calculated by the molecular weight divided by the density and the 
Avogadro number.  
c. Calculated by Cerius2 software. 
 
When comparing membrane performance in flux, Figure 6.2 shows that the 
ethanol/water mixture has the lowest flux, followed by the IPA/water mixture and the 
tert-butanol/water mixture. The trend is instinctively contrary to the sorption data and 
molecular size. However, the flux cannot reflect the intrinsic separation properties of 
a membrane because it is a combination of membrane permeance and the driving 
force (partial pressure difference across the membrane) as discussed in the previous 
119 
literature (Guo et al., 2004a; Guo and Chung, 2005; Qiao et al., 2005a; Qiao et al., 
2005b). Figure 6.3 replots the data in terms of water permeance and alcohol 
permeance.  The water permeance (close to total permeance due to a very small 
amount of alcohol permeance) of three alcohol systems follows the reverse order of 
flux, i.e., ethanol > IPA > tert-butanol. This is consistent with the highest sorption of 
membrane in the ethanol/water system and the faster diffusion rate of ethanol. This 
again supports the view that permeance is a more meaningful tool than flux when we 
investigate membrane intrinsic properties (Wijmans and Baker, 1993; Guo et al., 
2004a; Qiao et al., 2005a). Clearly, in accordance with alcohols’ physicochemical 
properties summarized in Table 6.3, Figure 6.3 also indicates that the order of alcohol 
































































Figure 6.3 Water and alcohol permeances at various feed aqueous alcohol mixtures 







Figure 6.4 A comparison of XRD spectra of dense P84 membranes after immersion 
in (a) 85wt% ethanol/water; (b) 85wt% IPA/water; (c) 85wt% tert-butanol/water and 
(d) original dense film, respectively 
 
To simulate the membrane status and investigate P84 molecular changes under high 
operating temperatures, dense P84 membranes were immersed in three closed 
containers containing 85wt% various alcohol solutions at 100°C for about 10 hr; 
these membranes were then immediately tested by XRD and DSC. The XRD spectra 
shown in Figure 6.4 clearly illustrate that the peaks of membranes immersed in 
aqueous alcohol solutions shift to the left compared to the original dense film. This 
indicates that P84 membrane swells in these solutions and the swelling makes the 
interstitial space of polymer chains increase. Additionally, the peak of membranes 
immersed in the ethanol/water solution significantly differs from the peaks of 
membranes immersed in IPA/water and tert-butanol/water solutions. This reveals that 
the d-space of the membrane in the ethanol/water solution expands greatly compared 
to those in the other two solutions. The strong membrane swelling in ethanol/water is 
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due to the smaller molecular size, the higher linearity of ethanol (as indicated by the 
quasi-aspect ratio in Table 6.3), and the strong affinity between ethanol and P84. As a 
result, P84 membranes have higher water and ethanol permeability but lower 
selectivity.  
 
Table 6.4 Glass transition temperatures of P84 original dense film and P84 dense film 
immersed in various alcohol solutions 
 
Alcohol/water mixtures Tg (°C) 






DSC results shown in Table 6.4 compare the glass-transition temperatures (Tg) of 
membranes immersed in different aqueous solvent solutions at 100°C for 10hr. It is 
evident that all Tg’s shift to a lower temperature compared to that of the original 
dense film. The lowest Tg is observed for membranes in the ethanol/water solution, 
while membranes immersed in IPA/water and tert-butanol have similar Tg’s. These 
results suggest that the polymer chain mobility and free volume of P84 membranes 
are severely affected by aqueous ethanol solutions but are not affected for aqueous 
IPA and tert-butanol solutions. 
 
6.3  Conclusions 
 
In this study, swelling and sorption characteristics of P84 dense membranes in 
ethanol, IPA, tert-butanol and their aqueous solutions have been investigated. The 
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separation performance of asymmetric membranes for various aqueous alcohol 
solutions has also been conducted. It is found that P84 membranes can be 
significantly swollen by ethanol because of their strong affinity, as suggested by their 
close solubility parameters. XRD and DSC results confirm that P84 undergoes 
significant swelling and chain relaxation in aqueous ethanol solutions at operating 
conditions. Consequently, both water permeance and ethanol permeance are the 
highest, while the selectivity is the lowest, among the three alcohol/water systems. On 
the other hand, P84 membranes exhibit impressive separation performance in 
IPA/water and tert-butanol/water systems because of the small interstitial d-space in 
P84 membranes, the lower affinity between IPA/tert-butanol and the membrane, the 







DIAMINE MODIFICATION OF P84 CO-POLYIMIDE MEMBRANES FOR 
PERVAPORATION DEHYDRATION OF ISOPROPANOL 
 
7.1  Introduction 
 
An azeotrope of IPA and water mixture can be effectively and economically 
separated by pervaporation. To develop high-performance pervaporation membranes 
for the dehydration of IPA, superior selectivity, permeability and stability of the 
membrane are the most important criteria. According to the solution-diffusion 
mechanism in pervaporation (Crespo and Böddeker, 1995; Feng and Huang, 1997), 
high selectivity and permeability can be achieved if one component has more affinity 
to the membrane and can diffuse faster in the membrane than the others. As for 
pervaporation dehydration membranes, water is the component which is preferentially 
absorbed and transported through the membrane. Therefore, in the earlier stage of 
developing pervaporation dehydration membranes, significant attention has been 
given to highly hydrophilic materials which have superior water sorption. However, 
membranes made from highly hydrophilic materials such as polyacrylic acid (PAA), 
polyvinyl alcohol (PVA), agarose, alginate and chitosan exhibited excessive swelling 
in water and showed poor stability.  Through modifications such as cross-linking or 
blending, the stability and the resistance to swelling of these membranes were 
significantly enhanced (Huang and Yeom, 1990; Yeom and Huang, 1992; Burshe et 
al., 1997; Lee et al., 1997b; Huang et al., 1999b; Chanachai et al., 2000). The 
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successful commercialization of Sulzer membranes made of a cross-linked PVA 
selective layer which can withstand water and many solvents is one of examples.  
 
With easy processability, thermal stability, chemical resistance and mechanical 
strength (Ohya et al., 1996), polyimide has emerged as an important membrane 
material for various membrane applications. In pervaporation, polyimide exhibits 
high selectivity to water but relatively low flux which may be attributed to its poor 
hydrophilicity or compact chain packing (Qiao et al., 2005b). Attempts have been 
made to modify polyimide membranes for better performance. Blending is a simple 
and economic way to combine the favorable properties of two polymers. Su et al. (Su 
et al., 1997) blended polyimide with doped polyaniline and found considerable 
improvement of selectivity for water/acetic acid. Recently Chung and coworkers 
(Chung et al., 2006) successfully enhanced the hydrophilicity of Matrimid by 
blending Matrimid with a highly hydrophilic polymer - polybenzimidazole (PBI). The 
performance of the blended Matrimid/PBI membranes for the dehydration of tert-
butanol was improved with a small amount of PBI addition. Plasma treatment is 
another way to modify the properties of polyimide. Kaba et al. (Kaba et al., 2005) 
found that the wettability of polyetherimide (PEI) dense films and the selectivity of 
the membrane can be significantly improved by the anallylamine-plasma polymerized 
layer for the dehydration of ethanol.  Cross-linking modification of polyimide has 
been extensively studied in the preparation of gas separation membranes; however, 
the cross-linking modification of polyimide is seldom employed for pervaporation 
dehydration. Sullivan et al. (Sullivan and Bruening, 2005) applied an alternating 
polyelectrolyte deposition method on top of a porous alumina support and used the 
reaction between poly(amid acids) containing diaminobenzoic acid (DABA) and 
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poly(allylamine) under heat treatment at 250°C to form a thin layer of polyimide film 
with amide cross-links. The amide cross-links enhanced the selectivity of 
water/alcohol with relatively high flux. Compared to other modification methods, 
cross-linking is of great interest due to its applicability and effectiveness to improve 
polyimide membranes’ stability and performance. 
 
Hayes at Du Pont may be the pioneer conducting novel modification methods based 
on chemicals containing amine groups to modify polyimide gas separation 
membranes (Hayes, 1991). Heat treatment at above 70°C was recommended to 
complete the cross-linking reaction. Liu et al. (Liu et al., 2001) discovered a diamine 
compound, i.e. p-xylenediamine which can effectively cross-link 6FDA-durene and 
6FDA-durene/mPDA dense films at room temperature. The resultant membranes 
have improved selectivity for certain gas pairs with reduced permeability. Cao et al. 
(Cao et al., 2003) extended the study by using both p-xylenediamine and m-
xylenediamine to cross-link 6FDA-2,6 DAT hollow fiber membranes for natural gas 
separation. Tin et al. (Tin et al., 2003) investigated the applicability of p-
xylenediamine to commercially available Matrimid® polyimide. Later Shao et al. 
(Shao et al., 2005b) explored an aliphatic cross-linking agent, ethylenediamine (EDA), 
which exhibits unique cross-linking characteristics for fluoro-polyimides after 
thermal treatment. All of the above studies found that the CO2 plasticization can be 
effectively suppressed after cross-linking. Besides, the effects of cross-linking 
modifications on membrane permeability and selectivity appear to be strongly 
dependent on polymeric composition, structure and cross-linking agents.  
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During the cross-linking, the hydrophilic diamine are introduced to polyimide 
backbone, forming amide groups and establishing intermolecular bonds. Therefore 
this type of cross-linking modification has the potential to enhance the pervaporation 
performance of a polyimide membrane. However, to our best knowledge, the effects 
of cross-linking modification of polyimide membranes with diamine compounds on 
pervaporation performance have not been well studied. P84 co-polyimide was chosen 
for this study because it is a promising material for pervaporation (Liu et al., 2005; 
Qiao and Chung, 2005; Qiao et al., 2005b). In addition, detailed studies on the cross-
linking modification of P84 co-polyimide membranes with diamine compounds are 
still lacking. The difficulties of cross-linking P84 probably arise from its superior 
chemical resistance.  The small free volume of P84 dense films compared with those 
membranes made from polyimides containing fluorine groups such as 6FDA-
polyimide or bulky side groups such as Matrimid® 5218 (Tin et al., 2004b) also 
creates difficulties for cross-linking reactions to take place.  
 
The aim of this study was to investigate the effects of cross-linking with diamine 
compounds on the pervaporation performance of P84 membranes for the dehydration 
of isopropanol (IPA). Two cross-linking agents, i.e. p-xylenediamine and EDA, were 
selected and their effects on both dense and asymmetric P84 membranes were 
compared. The chemical structure and physical properties of these two cross-linking 
agents were shown in Table 3.1. The effect of heat treatment on the cross-linked P84 
membranes was also studied. The simple cross-linking method may have significant 
potential for developing pervaporation membranes in real industrial applications. 
 
7.2  Results and Discussion 
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7.2.1  Characterization of P84 membranes cross-linked with p-xylenediamine  
 
Figure 7.1 shows the ATR-FTIR spectra of the original and 4-day cross-linked P84 
dense films. One can observe that the imide characterization peaks at 1774cm-1 (C=O 
asymmetric stretch), 1703cm-1 (C=O symmetric stretch) and 1344cm-1 (C-N stretch) 
(Wu et al.) are almost unchanged after cross-linking. Probably due to the superior 
chemical resistance, small free volume of P84 dense films and the large molecular 
size of p-xylenediamine, the cross-linking agent penetrate into the dense film with 
difficulty. Therefore, the cross-linking reaction can only take place at the surface. The 
density of the 4-day p-xylenediamine cross-linked P84 films is slightly lower than 
that of the original P84 dense films (Table 7.1). Since the cross-linking is a combined 
process which includes swelling by methanol and incorporating of cross-linking 
molecules (Liu et al., 2001), the decreased density can be regarded as the combination 













Figure 7.1 ATR-FTIR spectra of unmodified and modified P84 dense membranes (a) 
P84 original dense film; (b) P84 dense film cross-linked by EDA for 4d; (c) P84 
dense film cross-linked by p-xylenediamine for 4d 
 
Table 7.1 The density of the original and cross-linked dense films 
Membranes  Density (g/cm3) 
P84 dense film 1.355 
4d p-xylenediamine cross-linked P84 
dense film 1.337 














Wave number (cm-1)  
Figure 7.2 ATR-FTIR spectra of original and modified P84 asymmetric membranes 
(a) P84-original; (b) P84-ckp-1hr; (c) P84-ckp-4hr; (d) P84-ckp-6hr; (e) P84-ckeda-
4hr (See Table 7.2 for membrane ID definition) 
 
However, when we compare ATR-FTIR spectra of the original and cross-linked P84 
asymmetric membranes as shown in Figure 7.2, the difference is more distinct than 
cross-linked dense films. Due to the porous structure and thin skin layer of 
asymmetric membranes, the cross-linking agent can easily attack the macromolecules 
and the reaction takes place much faster than dense films.  Figure 7.2 also illustrates 
the ATR-FTIR spectra of P84 asymmetric membranes immersed in a 2.5% (w/v) p-
xylenediamine methanol solution at varied time intervals. With increased immersion 
time, the characteristic peaks for imide at around 1774cm-1, 1703cm-1 and 1344cm-1 
gradually disappear, while the characteristic peaks for amide groups, i.e. 1642cm-1 




XPS results also suggest the growth of nitrogen content on the asymmetric 
membranes’ surface. Because the cross-linking modification should neither introduce 
oxygen nor destroy the oxygen from the polymer backbone, the oxygen content can 
be used as a reference. The ratio of N 1s to O 1s can thus be considered as an 
indication of the cross-linking degree. As shown in Table 7.2, the ratio of N 1s to O 
1s increases with cross-linking time. Additionally, the apparent N 1s peak (Figure 7.3) 
is broaden and shift from a higher binding energy (attributed to N-C=O groups, 
~400eV) to a lower binding energy (attributed to C-N groups, ~399eV), this implies 
the formation of amide (Kaba et al., 2005). On the basis of FTIR and XPS results, a 
reaction mechanism is proposed as shown in Figure 7.4, which is similar to the cross-
linking of 6FDA-polyimde (Cao et al., 2003) and Matrimid (Tin et al., 2003).  
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Membranes Membrane ID O 1s N 1s N 1s/O 1s 
-- 
P84-original 
(calculated) 14.6 5.84 0.4 
P84 original asymmetric 
membranes 
P84-original 
(experimental) 14.17 5.7 0.4 
2hr p-xylenediamine 
crosslinked asymmetric 
membranes P84-ckp-2hr 13.85 8.11 0.58 
4hr p-xylenediamine 
crosslinked asymmetric 
membranes P84-ckp-4hr 13.13 8.15 0.62 
6hr p-xylenediamine 
crosslinked asymmetric 
membranes P84-ckp-6hr 12.37 9.5 0.77 
4hr EDA crosslinked 
asymmetric membranes P84-ckeda-4hr 14.74 11.38 0.77 
6hr EDA crosslinked 
asymmetric membranes P84-ckeda-6hr 13.44 11.91 0.89 
2hr p-xylenediamine 
crosslinked and 100ºC heat 
treated asymmetric membranes P84-ckp-2hr-100ºC 15.63 9.01 0.58 
2hr p-xylenediamine 
crosslinked and 200ºC heat 















Figure 7.3 N 1s XPS spectra of original and p-xylenediamine modified asymmetric 


















































Figure 7.5 XRD spectra of the original and modified asymmetric P84 membranes 
 
XRD spectra as shown in Figure 7.5 reveal that the peaks gradually shift to the right 
after cross-linking, indicating the d-space decreases significantly. This may be due to 
both hole-filling and networking effect of p-xylenediamine molecules in between the 
polymer chains.  
                   
Table 7.3 shows that the contact angle decreases with an increase in cross-linking 
time. As we have hypothesized, as more amide groups form on the membrane surface, 










Table 7.3 Contact angles of the original and modified P84 asymmetric membranes 
 










Morphology and mechanical property changes of the modified membranes were 
examined by FESEM and nano-indentation tests. Clearly in Figure 7.6, the cross 
section of the selective skin layer apparently becomes densified after cross-linking. 
Correspondingly, there are appreciable enhancements in both hardness and modulus 
of elasticity (Table 7.4). In addition, the different surface morphologies of cross-
linked membranes are probably due to the clusters formed by cross-linking agents 
(Figure 7.6). The modulus of elasticity is an indication of the interatomic bonding 
forces, manifesting the intra-/inter-polymer chain bonding formed and the increase of 
dense layer thickness. The formation of amide linkage reduces the interstitial space 
between polymer chains and restricts the free rotation of polymer chains, hence 
increases the polymer chain rigidity. Besides, the greater modulus indicates that the 
membrane is much stiffer after modification. 
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Figure 7.6 Morphology of the cross-section, top-skin layer (middle) and surface 
(right) of (A) original asymmetric membrane; (B) p-xylenediamine cross-linked 4hr 
and (C) EDA cross-linked 4hr 
 
Table 7.4 Nano-indentation results of the original and modified P84 asymmetric 
membranes 
 
Membranes Hardness (GPa) 
Modulus 
(GPa) 
P84-original 0.08 0.62 
P84-ckp-4hr 1.28 4.43 
P84-ckeda-4hr 1.26 6.89 
P84-ckp-2hr 0.63 3.13 
P84-ckp-2hr-100°C 0.94 4.6 
P84-ckp-2hr-200°C 3.1 6.69 
 
 




The pervaporation performance of membranes cross-linked with p-xylenediamine at 
different time intervals is shown in Table 7.5. The flux decreases initially then 
increases after 6 hr immersion. The separation factor is significantly improved and 
reaches the highest value after 4hr cross-linking reaction, and then decreases with a 
prolonged immersion time. The reduced interstitial space, densification of skin layer, 
increased hydrophilicity may be the major causes leading to the enhanced selectivity 
and reduced flux. However, after a prolonged immersion time, the higher cross-
linking degree increases the transport resistance of sub-support layer. In addition, as 
immersion time increases, chain branching may also occur. With more and more 
hydrophilic groups introducing onto the membrane, the resultant membrane can be 
easily swelled which deteriorates the membrane performance.  
 
Table 7.5 Pervaporation performance of the original and p-xylenediamine cross-










T (ºC)  (wt%) (wt%) (g/m2hr) SF Water  IPA Selectivity 
P84-original  60 15 73.38 2578 16 127.4 23.87 5 
P84-ckp-1hr 60 15 96.85 1599 174 104.3 1.75 59 
P84-ckp-2hr 60 15 97.09 1398 189 91.38 1.42 65 
P84-ckp-4hr 60 15 98.88 1015 505 67.6 0.4 170 
P84-ckp-6hr 60 15 97.66 1143 236 75.2 0.93 81 
 
 
7.2.3  Characterization and pervaporation performance of P84 membranes 
cross-linked with ethylenediamine (EDA) 
 
Compared to p-xylenediamine, the molecular size of EDA is much smaller. As a 
consequence, it can penetrate into the membrane more easily.  Figure 7.1 also 
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compares the ATR-FTIR spectra of the original and 4-day EDA cross-linked P84 
dense films. Amide peaks can be easily found in 4-day EDA cross-linked films. 
Though the density of EDA cross-linked dense films is less than the original dense 
film (Table 7.1), it is slightly higher than that of the p-xylenediamine cross-linked 
films. The higher density can be attributed to the faster cross-linking rate of EDA. 
  
ATR-FTIR in Figure 7.2 compares the 4hr cross-linked asymmetric membranes with 
EDA and p-xylenediamine. The intensity of the amide peaks after 4hr EDA cross-
linking is apparently greater than 4hr p-xylenediamine cross-linked membrane. As 
shown in Table 7.2, the N 1s/O 1s ratio of a 4hr EDA cross-linked membrane is 
bigger than that of a 4hr p-xylenediamine cross-linked membrane. This again 
confirms that the cross-linking reaction with EDA as a cross-linking agent is faster 
than that with p-xylenediamine. 
 
Compared to p-xylenediamine cross-linked membranes, a thicker densified skin layer 
of the cross-section and a much rougher surface of 4hr EDA cross-linked membranes 
can be observed by FESEM as shown in Figure 7.6. In addition, Table 7.4 indicates 
that the 4hr EDA cross-linked membrane has the similar hardness but a higher 
modulus than the 4hr p-xylenediamine cross-linked membrane, which is attributed to 
the thicker dense layer and higher degree of cross-linking modification. The lower 
contact angle of 4hr EDA cross-linked membranes (Table 7.3) than that of 4hr p-
xylenediamine cross-linked membranes shows that the former is more hydrophilic 
than the latter.  
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Table 7.6 summarizes the pervaporation performance of EDA cross-linked P84 
asymmetric membranes. The flux decline of EDA cross-linked membranes is much 
more drastic than p-xylenediamine cross-linked membranes owing to their thicker and 
more densified skin layer. After 1hr cross-linking with EDA, the flux drops 60% of 
the value of the original membranes while the flux drop of 1hr p-xylenediamine 
cross-linked membranes is only 38%. However, the increase of separation factor by 
1hr EDA cross-linking is more prominent than that with 1hr p-xylenediamine cross-
linking. Similar to p-xylenediamine cross-linked membranes, the flux decreases and 
reaches a bottom after 2hr cross-linking with EDA then increases. On the other hand, 
separation factor reaches a maximum with 2hr EDA cross-linking then decreases. As 
aforementioned, this phenomenon may be resulted from the increased hydrophilicity 
which induces severe swelling. Therefore, to modify and enhance polyimide materials 
for pervaporation dehydration applications, the hydrophilic and hydrophobic groups 
in the modified membrane material must be well balanced (Koops and Smolders, 
1991).  
 
















(g/m2hr) SF Water IPA Selectivity 
P84-original  60 15 73.38 2578 16 127.4 23.87 5 
P84-ckeda-1hr 60 15 98.86 1012 490 67.4 0.4 167 
P84-ckeda-2hr 60 15 99.07 534 604 35.7 0.17 206 
P84-ckeda-3hr 60 15 98.58 911 392 60.5 0.45 134 







7.2.4 Effect of heat treatment on p-xylenediamine cross-linked membranes 
 
The thermal stability of modified asymmetric membranes was investigated by TGA 
before conducting heat treatment. As shown in Figure 7.7, the original P84 membrane 
is thermally stable up to 400°C. The first decomposition peak at below 100°C is due 
to the release of absorbed water. The decomposition peak at around 300°C for the 2hr 
and 4hr p-xylenediamine cross-linked membranes suggests the most weight loss of p-
xylenediamine occurred at this temperature. The decomposition peak of the 4hr EDA 
cross-linked membrane is at about 250°C. Owing to the energy needed to break the 
formed chemical bonds, the decomposition peaks corresponding with the loss of 
cross-linking agents are much higher than the boiling points of p-xylenediamine and 
EDA (Table 3.1).  The original and cross-linked membranes all have a degradation 
peak at around 580°C, which is attributed to decomposition of the polymer main 
chain. TGA results suggest that p-xylenediamine cross-linked membranes are 
thermally more stable than EDA cross-linked membranes. The higher degree of cross-
linking modification, the more weight loss can be observed at 300°C when we 
compared TGA curves of 2hr and 4hr p-xylenediamine cross-linked membranes. As a 
result, moderate heat treatment temperatures, i.e. 100°C and 200°C were chosen for 



















































































Figure 7.7 TGA of the original and modified asymmetric membranes. (A) the 
original; (B) p-xylenediamine cross-linked 2hr; (C) p-xylenediamine cross-linked 4hr; 





































































The changes of functional groups with heat treatment were analyzed by ATR-FTIR 
and XPS. As shown in Figure 7.8, it is interesting that the peaks corresponding to 
amide groups are slightly intensified after heat treatment at 100°C; however, the 
peaks of imide groups dominate again after heat treatment at 200°C. XPS results 
tabulated in Table 7.2 show the unchanged N 1s/O 1s ratio after heat treatment at 
100°C and the decrease of N 1s/O 1s ratio after heat treatment at 200°C. In addition, 
the N 1s peak after 100°C heat treatment is almost unchanged whereas the N 1s peak 
after 200°C heat treated shifts back to the higher binding energy (Figure 7.3). This 
implies that p-xylenediamine cross-linked membranes are thermally stable at 100°C 
and the amidization reaction can be somewhat promoted at low heat treatment 
temperatures because of further reaction between imide groups and free amine groups. 
At high temperatures, the amide groups may be reversed to imide groups and diamine 
compounds are released. These phenomena are consistent with the investigations by 
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Xiao et al. (Xiao et al., 2005) and Shao et al. (Shao et al., 2005a; Shao et al., 2005b) 
for polyamidoamine (PAMAM), EDA and 1,3-cyclohexanebis(methylaimine) 











Figure 7.8 ATR-FTIR spectra of the original, 2hr p-xylenediamine cross-linked 
membranes with /without heat treatment 
 
 






P84-original Light yellow 464 -- 
P84-asymmetric-200°C * Yellow 505 41 
P84-asymmetric-250°C * Yellow 510 46 
P84-ckp-2hr Light yellow 460 -- 
P84-ckp-2hr-100°C Yellow 494 30 
P84-ckp-2hr-200°C Orange yellow 590 126 
*: P84-asymmetric-200°C and P84-asymmetric-250°C are P84 asymmetric membranes heat treated at 
200°C and 250°C respectively. 
 
142 
When the cross-linked asymmetric membranes were heat treated, apparent color 
changes were observed. The color of the cross-linked asymmetric membranes 
changed from the original pale yellow to yellow (heat treated at 100°C), then to 
orange yellow (heat treated at 200°C). The UV-vis absorption band as listed in Table 
7.7 can be used to characterize the color changes. The coloration of 200°C and 250°C 
heat treated asymmetric membranes was included as a reference. One can observe 
that the color of the membranes changes after heat treatment, and the UV shift is 
greater at a higher heat treatment temperature. The color changes after thermal 
treatment are mainly attributed to the formation of charge transfer complexes (CTCs) 
(Kawakami et al., 1996; Barsema et al., 2004). It has been generally accepted that 
polyimides are likely to form CTCs through their inherent electron donor (the 
diamine moiety) and electron acceptor (the dianhydride moiety) elements. These 
CTCs are in a non-equilibrium state and are strongly affected by heat treatment 
temperature (Hasegawa and Horie, 2001). The higher heat treatment temperature, the 
more CTCs can be formed due to the closer donor and acceptor distance induced by 
the thermal motion of polymer chains. The intra- and interchain CTCs can restrict the 
mobility of the macromolecules and have the effect similar to that of cross-linking 
modification (Hasegawa and Horie, 2001). Moreover, the red shift of UV wavelength 
of membranes with heat treatment after cross-linking is much higher than that of the 
membrane with heat treatment alone. The cross-linking reaction opens the rigid imide 
rings and forms amide structure, which probably makes the polymer chain more 
flexible, thus significantly enhance the chances to form CTCs. Additionally, the 
newly incorporated functional groups may have stronger charge transfer ability. 
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With an increase in heat treatment temperature, the contact angle (Table 7.3) 
increases because a densified skin layer usually has less hydrophilicity compared to a 
loose packed skin layer. Nano-indentation test results in Table 7.4 show the 
tremendous enhancement of hardness and modulus after heat treatment, especially for 
the 200°C heat treated membranes. These indicate the intermolecular forces and 
networking are strongly boosted after heat treatment.  
 
Pervaporation results of 2hr cross-linked membranes with and without heat treatment 
are summarized in Table 7.8. Compared to asymmetric membranes with only cross-
linking, the 2hr cross-linked membranes and then heat treated at 100ºC have a much 
superior separation factor. When the heat treatment temperature is raised to 200ºC, 
further decrease of flux with considerably increase of separation factor are achieved. 
The performance enhancement after low heat treatment temperatures (i.e., 100ºC) 
may be mainly attributed to the higher degree of cross-linking modification and the 
formation of CTCs. At a higher heat treatment temperature, the formation of CTCs 
and the decomposition of those unstable cross-linked bonds compete with each other 
and determine the final membrane performance. Therefore, for a proper cross-linking 
membrane, a low-temperature heat treatment may develop pervaporation membranes 
with high flux and medium separation factor, while a high-temperature heat treatment 












Table 7.8 Pervaporation performance of the original and cross-linked membranes 
after heat treatment 
 






e water  Flux  
Permeance 
(g/m2hrkPa) 
Membranes  (ºC) (wt%) (wt%) (g/m2hr) SF Water  IPA Selectivity 
P84-
asymmetric-
100ºC*  60 15 92.06 1068 66 66.2 2.95 22 
P84-ckp-2hr 60 15 97.09 1398 189 91.38 1.42 65 
P84-ckp-2hr-
100ºC 60 15 99.43 1105 980 74 0.22 335 
P84-ckp-2hr-
200ºC 60 15 99.67 335 1733 22.5 0.04 592 
 
 
7.2.5 Effects of operating temperature on cross-linked membranes 
 
2hr p-xylenediamine cross-linked asymmetric membranes with or without 200ºC 
treatment were tested at varied temperatures and the performance were shown in 
Table 7.9. The performance of 100ºC heat treated asymmetric membranes was 
included as a reference. Although flux increases with an increase in operating 
temperature, the permeance decreases. This is attributed to the decreased sorption at 
higher temperature which is consistent with our previous observation (Qiao et al., 
2005b). The selectivity varied slightly with temperature, indicating that the thermal 
expansion of p-xylenediamine cross-linked polymer chains is restricted by intra-
/intermolecular bonds. Furthermore, the calculated activation energies based on the 
flux of 2hr cross-linked with or without heat-treatment asymmetric membranes are 
37.7 and 36.6 kJ/mol respectively, which are apparently lower than the activation 
energies of a 250ºC heat treated P84 asymmetric membrane (40kJ/mol) (calculated 
from (Qiao et al., 2005b)), or a PVA/PAN composite membrane PERVAP2510 
(45.4kJ/mol) (Qiao et al., 2005a). The lower activation energy of cross-linked P84 
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membranes suggests less temperature dependence of penetrant transport because of 
highly restricted thermal motion of polymer chains. The EP of membranes P84-ckp-
2hr-200ºC and P84-ckp-2hr are -3.7kJ/mol and -2.6kJ/mol, respectively. The negative 
value of EP is resulted from the decreasing trend in permeability with temperature. 
 
Table 7.9 Pervaporation performance of cross-linked membranes at different 










(wt%)   
Flux 







100 99.68 1382 1774 19.53 0.03 630 
80 99.72 716 2018 20.94 0.03 707 
P84-ckp-
2hr-200ºC 
60 99.67 335 1733 22.5 0.04 592 36.6 -3.7 
100 96.46 6008 154 82.13 1.5 55 
80 96.52 3283 157 92.9 1.69 55 P84-ckp-2hr 
60 97.09 1398 189 91.38 1.42 65 37.7 -2.6 
 
 
7.3  Conclusions 
 
We have cross-linked P84 membranes with two cross-linking agents, i.e., p-
xylenediamine and EDA for the pervaporation dehydration of isopropanol. The 
effects of cross-linking on dense and asymmetric membranes were investigated. With 
increasing cross-linking time, the imide groups of P84 gradually disappear, while the 
amide groups appear and intensify as confirmed by ATR-FTIR and XPS. EDA cross-
linked membranes show a closer chain packing and stronger amide peaks, indicating 
a faster cross-linking rate compared to that of p-xylenediamine. The pervaporation 
performance of cross-linked membranes with both cross-linking agents shows that 
flux decreases at a certain degree of cross-linking, then increases with a prolonged 
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cross-linking time. The separation factor shows an opposite trend. This is due to the 
fact that membrane hydrophilicity and swelling increase with an increase in the 
degree of cross-linking reaction. In addition, p-xylenediamine cross-linked 
membranes show a better thermal stability than EDA cross-linked ones. The effects 
of heat treatment after p-xylenediamine cross-linking have been studied. It was found 
thermal treatment facilitates CTCs formation for the cross-linked membranes. A low 
temperature heat treatment favors a higher degree of cross-linking; while a high 
temperature heat treatment might reverse the amide groups to imide groups. The 
separation factor is further improved after heat treatment at the compensation of 
lower flux. Furthermore, the pervaporation performance of cross-linked membranes 
appears to be less temperature dependent because of the restricted thermal 
motion/expansion of polymer chains. In short, through proper control of cross-linking 
time and heat treatment temperature, one can easily tailor the membrane performance 








ZEOLITE FILLED P84 CO-POLYIMIDE MEMBRANES FOR 
DEHYDRATION OF ISOPROPANOL THROUGH PERVAPORATION 
PROCESS 
 
8.1     Introduction 
 
Superior membrane stability, high productivity and selectivity, and low production 
cost are always the most important criteria when developing a membrane for a 
specific application. Polymeric membranes are widely used in the pervaporation 
separation process due to their flexibility and low cost. However, the instability and 
swelling of polymeric membranes make them not suitable for harsh chemical and 
high temperature environments which are often encountered in industrial applications. 
In contrast, inorganic membranes exhibit better structural stability and superior 
chemical resistant properties, and they can withstand much higher operating 
temperatures (Shah et al., 2000; Verkerk et al., 2001). Additionally, inorganic 
membranes such as zeolite membranes have the advantages of high selectivity and 
high permeability due to their unique molecular sieving property and selective 
adsorption (Gallego-Lizon et al., 2002a; Bowen et al., 2004). Recently developed 
zeolite membranes have exhibited impressive flux and separation performance that 
are far superior to traditional polymeric membranes (Kita et al., 1999; Shah et al., 
2000). However, the fabrication of zeolite membranes is expensive and the zeolite 
membranes are usually brittle. In order to combine the advantages of two materials, 
mixed matrix membranes were proposed by the incorporation of inorganic adsorbent, 
i.e. zeolite particles into the polymer matrix (Kulprathipanja et al., 1988). This 
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endeavor produced promising results in rubbery polymer/zeolite systems for the 
pervaporation removal of organic solvents such as ethanol and methanol because the 
flexible rubbery polymer chains form good adhesion with zeolite fillers (Hennepe et 
al., 1991). However, there are still many challenges for glassy polymer/zeolite 
systems for both gas separation and pervaporation dehydration. This is due to the fact 
that glassy polymers are rigid and undergo strong shrinkage stress during the solvent 
evaporation process (Mahajan et al., 2002), which leads to poor adhesion with zeolite 
entities.  
 
Although it was expected that the addition of zeolite into a polymer matrix could 
enhance the separation performance through selective sorption and permeation, 
diverse and inconsistent results were often obtained when developing mixed matrix 
membranes with glassy polymers for pervaporation dehydration. Highly hydrophilic 
materials such as poly(vinyl alcohol) (PVA) have been firstly employed as the 
polymer matrices because these materials are relatively flexible with low glass 
transition temperature (Tg). Gao et al (Gao et al., 1996) investigated the addition of 
zeolite 3A (KA), 4A, 5A (CaA) and 13X (NaX) zeolites into PVA and cross-linked 
them at 160-200ºC for the pervaporation dehydration of alcohols. The PVA-13X 
membrane exhibited higher flux but lower separation factor than PVA-A type zeolite 
systems. The low separation factor of the PVA-13X system was attributed to the large 
pore size of 13X. Because of the smallest pore size of zeolite 3A, the PVA-3A system 
had the highest separation factor among these zeolite embedded PVA membranes. 
Guan et al (Guan et al., 2006) fabricated multilayer mixed matrix membranes made of 
PVA and zeolite 3A with the aid of fumaric acid as the cross-linking agent and 
showed superior flux and selectivity to the neat and cross-linked PVA membrane. 
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Goldman et al reported that the poly(vinyl chloride)/zeolite 4A system enhanced only 
separation factor but not flux for the ethanol/water separation (Goldman et al., 1989). 
He et al. (He et al., 2001) demonstrated that both flux and separation factor could be 
improved with the addition of 4~8wt% zeolite 4A into poly(amidesulfonamide) 
membranes. However, the incorporation of zeolite 13X improved only flux, but 
deteriorated separation factor drastically due to the delamination between zeolite 
particles and polymer matrix. Okumus et al. (Okumus et al., 2003) added zeolite 3A, 
4A and 13X into polyarylonitrile (PAN) membranes and found membranes’ 
selectivity decreased for the pervaporation of ethanol-water mixtures. 
Kariduraganavar et al and Kittur et al showed opposite results (Kariduraganavar et al., 
2004; Kittur et al., 2005). Their NaY zeolite/ sodium alginate and NaY zeolite/ 
chitosan systems have enhanced flux and separation factor.  
 
For high Tg polymers, the rigid polymer backbone always create difficulties that 
result in poor adhesion between polymer and zeolite particles (Vankelecom et al., 
1995). As a consequence, previous research on the incorporation of zeolite into high 
Tg polymers such as polyimide for pervaporation is very limited, although polyimide 
membranes have shown excellent film-forming property and impressive separation 
performance in pervaporation dehydration process (Liu et al., 2005; Qiao et al., 
2005b). Recent advancement in mixed matrix membranes for gas separation has 
inspired us to fabricate mixed matrix membranes made of high Tg polymers with 
zeolite for pervaporation (Mahajan and Koros, 2000; Mahajan and Koros, 2002; Li et 
al., 2005; Jiang et al., 2006). The high Tg polymers with rigid chain structure may 
have potential advantages of eliminating cross-linking process as well as the 
provision of high separation performance. P84 co-polyimide was selected in this 
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study because of its superior chemical stability and separation performance in 
pervaporation (Liu et al., 2005; Qiao et al., 2005b). To our best knowledge, no mixed 
matrix membranes based on the P84/zeolite system have ever been reported for 
pervaporation. The science and engineering of fabricating applicable mixed matrix 
membranes and the effects of zeolite loading, polymer and zeolite interaction, 
annealing temperature on membrane morphology and pervaporation performance are 
our research focuses. The resultant membranes were also characterized by means of 
gas permeation in order to reveal the fundamentals and microstructure of the zeolite 
filled P84 membranes, and to investigate the different requirements for membranes 
used in pervaporation and gas separation.  
 
8.2 Results and Discussions 
8.2.1 Effects of annealing temperature 
 
P84 is a rigid polymer which has a glass transition temperature of 315°C. Previous 
studies on neat P84 membranes and other high temperature polyimide (i.e., Matrimid) 
indicate that heat treatment at elevated temperatures has enhanced effects on 
membrane separation performance for pervaporation (Guo and Chung, 2005; Liu et 
al., 2005; Qiao et al., 2005b). The interstitial space among polymeric chains is 
reduced after annealing and this helps to differentiate IPA and water molecules 
transporting through the membrane. For mixed matrix membranes, it was also found 
that annealing would greatly influence polymer-polymer interactions (Chung et al., 
2006) and zeolite-polymer interface and consequently affects the separation 
performance of the resultant membrane (Li et al., 2005; Jiang et al., 2006). 
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At 20wt% zeolite 13X loading, two different annealing temperatures were 
investigated, namely 240°C and 250°C. The morphology of the cross-section and the 
enlarged pictures of these two membranes are shown in Figure 8.1. The membrane 
annealed at a higher temperature (250°C) exhibited an apparently better zeolite 
adhesion with the polymer phase. This may be attributed to the more flexible polymer 
chains at a higher temperature; therefore a better contact between zeolite particles and 
polymer matrix can be obtained. In addition, compared to neat P84 membranes, a 
greater color change was observed for zeolite 13X filled membranes after annealing 
at elevated temperatures. This phenomenon was resulted from the formation of charge 
transfer complexes (CTCs) (Hasegawa and Horie, 2001) that can be quantified by the 
UV spectrum shift as summarized in Table 8.1.  
Figure 8.1 FESEM images of cross-sections and enlarged cross-sections of 
membranes with 20wt% zeolite 13X loading annealed at different temperatures (A) 
240°C and (B) 250°C 
1μm 10 μm 




Table 8.1 UV-Vis wavelength and color properties of neat and zeolite filled P84 




temperature (ºC) Color 
λ (UV) 
(nm) 
Different annealing temperatures 
P84 film annealed 
240ºC 240ºC Light yellow 543 
P84 film 250ºC Light yellow 581 
P84-20%13X-240ºC 240ºC Yellowish brown 594 
P84-20%13X 250ºC Dark brown 680 
Different types of zeolite 
P84-20%5A 250ºC Yellowish brown 609 
Different 13X loadings 
P84-30%13X 250ºC Dark brown 680 
P84-40%13X 250ºC Dark brown 680 
 
For neat P84 dense membranes, the effect of different annealing temperatures on the 
CTC formation is not obvious; the wavelength red shift is only 38nm when 
membrane annealing temperature changes from 240 to 250 °C. However, the 
annealing effect becomes notable with the incorporation of zeolite 13X into the P84 
matrix. A wavelength red shift of 86nm is observed when annealing temperature 
changes from 240 to 250 °C. Clearly, the incorporation of zeolite 13X may facilitate 
the CTC interactions during annealing due to the charge and electron transfer 
characteristics of zeolite (Ramamurthy and Schanze, 2000) and the details will be 
discussed in the next section. No chemical reactions can be detected before and after 
annealing because ATR-FTIR spectra (not shown here) indicate that the characteristic 
peaks of the annealed P84 membranes with or without zeolite are almost the same.  
 
Figure 8.2 shows that the membrane annealed at 250°C has a higher selectivity and a 































IPA/water mixtures. This is consistent with the FESEM and UV-Vis observation. As 

























Figure 8.2 The pervaporation performance of membranes with 20wt% zeolite 13X 
loading annealed at different temperatures 
 
 
8.2.2 Effects of different types of zeolite: 13X vs. 5A 
 
In addition to zeolite 13X, zeolite 5A were also applied in order to investigate the 
effects of different types of zeolite. The former is a Faujasite type which has large 12-
ring pores, while the latter is a LTA type which has small 8-ring pores. They have 
different metal cations in the framework for balancing trivalent Al as shown in Table 
3-2. Even though these two types of zeolite have different pore sizes and pore 
volumes, both are highly hydrophilic because of their low Si/Al ratios.  
 
At 20wt% zeolite loading, the FESEM pictures shown in Figure 8.1(B) and Figure 8.3 
indicate that zeolite particles of both 13X and 5A are uniformly distributed in the 
membrane cross-section. However, the enlarged cross-section pictures reveal that the 
interface between zeolite 13X and P84 appears better adhesion than that between 
zeolite 5A and P84. In other words, the former has intimate polymer-zeolite interface; 
while the latter has obvious voids between zeolite 5A and polymer. This implies that 
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zeolite 13X may have enhanced physicochemical interactions with the polymer than 
zeolite 5A. This discovery is somewhat consistent with Yong et al results where they 
reported zeolite 13X required less compatiblizer than zeolite 5A to form an interfacial 





Figure 8.3 FESEM images of membranes with 20wt% zeolite 5A loading (A) cross-
section, (B) the enlarged cross-section and (C) surface 
 
Based on the solution-diffusion mechanism (Ho and Sirkar, 1992), the sorption 
characteristic of a pervaporation membrane plays important roles in its pervaporation 
separation performance (Qiao and Chung, 2005). Table 8.2 summarizes the sorption 
capacity changes after zeolite addition. The degree of swelling (i.e. total sorption) and 
water sorption of zeolite filled membranes are much greater than that of neat P84 
membranes. Clearly, the incorporation of zeolite prominently enhances the water 
uptake into the membrane. The total sorption and water sorption for both 20wt% 
zeolite 5A and 13X filled membranes are very close to each other because their IPA 
sorption is negligible. However, a comparison of 20wt% zeolite 5A and 13X filled 
membranes indicates the latter has a slightly higher total sorption and water sorption 
than the former because zeolite 13X has a bigger pore size and larger pore volume 
than zeolite 5A. As a consequence, the former has a higher sorption selectivity than 




Table 8.2 Sorption results of neat P84 and P84 mixed matrix membranes as a 
function of different types of zeolite 
 
Membranes 
Degree of swelling 
(total sorption)    
(g/g dry 
membrane) 





P84 dense film (Qiao and 
Chung, 2005) 0.024 0.024 661 
P84-20%5A 0.060±0.001 0.059±0.001 1120±220 
P84-20%13X 0.088±0.001 0.087±0.001 384±113 
 
 
Figure 8.4 compares the pervaporation performance of P84-20%5A and P84-20%13X 
with the neat P84 dense membrane (Qiao et al., 2005b). Both zeolite 5A and 13X 
incorporated P84 membranes show impressively higher permeability and selectivity 
than neat P84 membrane. Using neat P84 membrane as a reference, the permeability 
increases about 30% and 80% for zeolite 5A and 13X loaded membranes, 
respectively. The enhanced permeability is mainly attributed to the hydrophilic nature 
of embedded zeolite particles which favors water sorption inside the mixed matrix 
membrane. Due to the bigger pore size, lager pore volume and higher sorption 
capacity of zeolite 13X, the total permeability of the zeolite 13X filled membrane are 





































































































Figure 8.4 Performance comparison of neat P84 and P84 mixed matrix membranes 
with different types of zeolite: (A) total flux, (B) separation factor and selectivity 
(continuous lines indicate separation factor and dotted lines indicate selectivity) and 
(C) total permeability 
 
The enhanced selectivity may be a result from the enhanced water uptake capacity as 
aforementioned and selective transportation through zeolitic pores. The selective 
transportation through 5A filled membranes is easily understandable because the pore 
size of zeolite 5A (4.5 Å) is greater than the kinetic diameter of water molecule (3.0 
Å) but smaller than the kinetic diameter of IPA molecule (4.7 Å). Interestingly and 
surprisingly, the P84-20%13X membrane shows comparable selectivity as the P84-
20%5A membrane. Therefore, the addition of zeolite 13X seems to be more 
beneficial than that of zeolite 5A to the P84 pervaporation membrane. The better than 
expected selectivity of zeolite 13X filled P84 membrane may arise from the following 
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three factors: 1) the extra water sorption capability of zeolite 13X may improve the 
solubility selectivity of water over IPA; 2) the partial pore blockage by the attached 
polymer chains upon zeolite surface may render smaller pore size of zeolite 13X, 
therefore help differentiate permeating molecules. The reduced zeolite pore size by 
the partial blockage was proposed by Li et al. (Li et al., 2005; Li et al., 2006), who 
observed increased gas selectivity when large pore-size zeolite particles were 
embedded in polymeric membranes. Likewise, the partial pore blockage of zeolite 
13X may also contribute to the enhanced selectivity for pervaporation. 3) The 
intimate interaction between zeolite 13X and polymer may result in higher chain 
packing density (Kittur et al., 2005) and greater chain rigidification (Li et al., 2005; Li 
et al., 2006), leading to improved selectivity. 
 
Table 8.3 Glass transition temperatures of neat P84 and P84 mixed matrix 
membranes 
 
Membranes Tg (ºC) 







The polymer chain rigidification can be easily detected by the rising Tg (Kim et al., 
2003) with the addition of zeolite. The inhibited movement of polymer chains near 
and upon the zeolite particle surface is the major cause of Tg shift. Table 8.3 shows 
the Tg of P84 mixed matrix membranes with various kinds of zeolite particles. The Tg 
increment for the zeolite 13X filled P84 membrane is greater than that for the zeolite 
5A filled P84 membrane, suggesting zeolite 13X has a stronger interaction with the 
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P84 polymer matrix which may cause more significant chain rigidification. Very few 
papers have dealt with zeolites 13X and 5A simultaneously in polyimide mixed 
matrix membranes, therefore the interaction between polyimide and different zeolites 
is not fully clear yet. The stronger interaction is presumably resulted from the electron 
acceptor groups of P84 co-polyimide (i.e. the dianhydride moiety) (Kawakami et al., 
1996; Ohya et al., 1996) and Na cations of zeolite 13X. This interaction may 
consequently attribute to the facilitated CTCs formation. This is evident because the 
UV-Vis spectrum of the P84-20%13X membrane shifts to a larger wavelength 
compared to that of the P84-20%5A membrane (i.e., 680nm vs. 609nm, Table 8.1). 
Previous research has demonstrated that the cation electronegativity affects the 
electron donor strength of zeolite framework; the lower the cation electronegativity, 
the higher the electron donor strength of zeolite framework (Ramamurthy and 
Schanze, 2000). Since the electronegativity of Na is lower than that of Ca (i.e., 0.7 vs. 
1.22) (Sanderson, 1976), zeolite 13X (with Na+ in the framework) possesses stronger 
electron donor strength than zeolite 5A (with Ca2+ in the framework), thus facilitate 
the CTCs formation between zeolite 13X and the electron acceptor groups of P84 co-
polyimide.  
 
Temperature effect on zeolite filled P84 membranes can also be observed from Figure 
8.4. Similar to most pervaporation membranes (Tsai et al., 2000), the flux increases 
while the separation factor drops with an increase in temperature. After converting 
flux to permeability, the trend is reversed, i.e. permeability decreased with increasing 
temperature; this is mainly due to decreased sorption at a higher temperature as 
pointed out by our previous study (Qiao et al., 2005b). The addition of zeolite does 
not alter the decreasing trend in permeability of the unfilled P84 membranes due to 
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the similar exothermic sorption process as the polymer (Bowen et al., 2004). 
Meanwhile, the trend in selectivity does not differ from the trend in separation factor; 
the decreasing selectivity with temperature is usually caused by the boosted random 
thermal motion of polymer chains at a higher temperature which allows more IPA 
molecules to pass through. 
  
The apparent activation energies (EJ) of flux and the activation energies of 
permeation (EP) are evaluated based on equations (2.12) and (2.15) and the values are 
summarized in Table 8.4. The negative value of EP is resulted from the decreasing 
trend in permeability with temperature. A comparison of unfilled and zeolite filled 
membranes indicates that both EJ and EP decline with the addition of zeolite 13X, but 
increase with the addition of zeolite 5A. 
 
Table 8.4 Activation energies of neat P84 membrane and membranes with different 













EP, water  (Water 
permeability) a 
EP, IPA (IPA 
permeability) a 
P84 dense film b 31.3 -9.0 31.3 48.9 -8.97 7.2 
P84-20%13X 30.8 -9.4 30.8 51.5 -9.5 10.2 
P84-20%5A  34.0 -6.3 34.6 60.6 -5.7 19.4 
a: Based on Permeabilityx106 
b: Calculated based on data from (Qiao et al., 2005b) 
 
 
If we divide the activation energy on the basis of each component, one can observe 
that the activation energies of water transport through the zeolite 13X filled P84 
membrane are lower than that of the unfilled membrane, while the activation energies 
of IPA transport are greater than that of the unfilled membrane. This indicates that the 
energy barrier is reduced for water molecules but is increased for IPA molecules by 
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filling zeolite 13X into P84 membranes. On the other hand, for zeolite 5A 
incorporated P84 membranes, the activation energies of both water and IPA 
transports are greater than those of the unfilled membrane, implying that a higher 
transport resistance may exist. The resistance may result from the much smaller pore 
size of zeolite 5A (4.5 Å) and further reduced pore size owing to partial pore 
blockage. 
  
8.2.3 Gas separation performance of zeolite 5A and 13X filled P84 membranes 
 
Because of the much smaller size difference between O2 and N2 gas molecules 
(kinetic diameter 3.46Å vs. 3.64Å), gas permeation tests were conducted using these 
two gases in order to determine the microscopic structure of the resultant mixed 
matrix membranes. As shown in Table 8.5, the gas permeability increases with zeolite 
addition, and the O2 and N2 permeability of zeolite 13X filled membranes are greater 
than that of zeolite 5A filled membranes. This arises from the fact that the former has 
a larger zeolite pore size than the latter, therefore gas permeants can pass through the 
former mixed matrix membrane easier. 
 
Table 8.5 Gas separation performance of neat P84 and P84 mixed matrix membranes 
Permeability 
(Barrer) 
Membranes O2 N2 
Ideal selectivity 
(O2/N2)  
P84 dense film (Qiao et al., 2005b) 0.38 0.046 8.3 
P84-20%5A 0.469 0.062 7.57 
P84-20%13X 0.478 0.058 8.24 
P84-30%13X 0.917 0.121 7.58 
P84-40%13X 3.21 0.525 6.12 
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Additionally, the O2/N2 selectivity of the P84-20%13X membrane is approximately 
the same as that of neat P84 dense film, while the gas selectivity of the P84-20%5A 
membrane is lower than the neat P84 dense film. This again suggests that zeolite 13X 
has a good contact with the polymer phase which leads to almost defect-free mixed 
matrix structure. On the other hand, the depressed O2/N2 selectivity of the zeolite 5A 
filled P84 membrane implies there are interstitial defects between zeolite 5A and 
polymer phase. This observation coincides with our previous discussion. 
 
It is worth noting that the existence of the interfacial defects has different impact on 
gas separation and pervaporation performance. The gas selectivity of the zeolite 5A 
filled P84 membrane decreases due to the bypass channeling of gas penetrants; in 
contrast, the pervaporation selectivity through the P84-20%5A membrane increases, 
which is unexpectedly not deteriorated by the interstitial defects.  This phenomenon 
indicates that the interstitial gaps may not be entirely unfavorable for pervaporation, 
probably owing to a bigger size difference between permeating molecules and 
stronger physicochemical interactions among permeating molecules and polymer 
chains. The former does not favor the transport of large penetrants, while the latter 
may seal the defects at a certain extent.  
 
 
8.2.4 Effects of zeolite 13X content   
 
 
The effects of different zeolite 13X content, from 20wt% to 40wt% zeolite loading, 
on the membrane fabrication and performance were studied. Figure 8.5 shows the 
morphology of membranes with 30wt% and 40wt% zeolite content. Obviously, there 
is still no agglomeration of zeolite particles with increasing zeolite content. 
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Nonetheless, compared with 20wt% zeolite 13X loading as shown in Figure 8.1(B), 
the homogeneity becomes worse if one examines the enlarged cross-sections. By 
increasing zeolite 13X content, the UV-Vis spectra wavelength of resultant 
membranes are almost unaffected (Table 8.1), implying the CTCs formation is not 
advanced. In addition, the Tg of the mixed matrix membranes does not keep rising at 
a higher zeolite 13X loading (Table 8.3). Genarally, the increase of Tg in these 
polymer composites with the addition of zeolite is due to the rigidification of polymer 
chains. If the chain rigidification increases, then Tg increases. The constant Tgs with 
the Zeolite 13X loading from 20 to 40wt% implies that, even though more chain 
rigidification occurs upon the addition of more zeolite particles, the interaction 
between zeolite and polymer matrix becomes worse with an increase in zeolite 
loading as indicated by FESEM and gas separation test results (as shown in the later 
part of this section). The former increases Tg, while the later may decrease the degree 
of polymer chain rigidification and reduce Tg. The combination of these two factors 










Figure 8.5 FESEM images of membranes with various zeolite 13X content (A, B, C: 
cross-section, enlarged cross-section and surface of 30wt% zeolite 13X loading, 
respectively and D, E, F: cross-section, enlarged cross-section and surface of 40wt% 
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Figure 8.6 Pervaporation performance of membranes with different zeolite 13X 
content in terms of (A) total flux, (B) separation factor and selectivity (continuous 
lines indicate separation factor and dotted lines indicate selectivity) and (C) total 
permeability 
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Pervaporation performance shown in Figure 8.6 indicates that permeability 
monotonously increases, while selectivity follows an up-and-down pattern upon 
zeolite content increase. The initially increased permeability and selectivity can be 
attributed to the improved diffusion and sorption when more zeolite 13X is added into 
the membrane. However, when zeolite 13X content increases to 40wt%, there is an 
abrupt increase in permeability. The abrupt increase in permeability at 40wt% is 
apparently due to the further developed defects between zeolite 13X and polymer 
phase which provide additional passages of permeants. In other words, when zeolite 
13X content is further increased, the interfacial contact between zeolite and polymer 
becomes poor. This leads to a significant permeability increase and selectivity drop. 
 
The above phenomenon may be clarified from the dependence of gas selectivity with 
zeolite 13X content. As shown in Table 8.5, the O2/N2 selectivity continuously drops 
with zeolite loading, while the O2 and N2 permeability keep increasing. At 40wt% 
zeolite loading, the O2 permeability increases to about 8.4 times of the neat P84 
membrane, whereas the gas selectivity drops considerably, implying poor interface 
between zeolite particles and polymer. This phenomenon is consistent with FESEM 
observation that interfacial adhesion deteriorates as zeolite content in the membrane 
is further increased. Different from pervaporation which achieves the highest 
selectivity at 30wt% zeolite 13X loading, gas permeation tests do not exhibit the 
highest O2/N selectivity at this composition. This phenomenon agrees with our 
previous finding that pervaporation membranes can tolerate a higher degree of 





8.3  Conclusions 
 
We have fabricated zeolite 5A and 13X filled P84 membranes and investigated the 
effects of annealing temperature during fabrication, the interaction between zeolite 
and polymer, and the zeolite 13X loading on membrane formation and pervaporation 
separation performance for dehydration of IPA. A higher annealing temperature (i.e., 
250°C) helps to improve the zeolite and polymer interaction through softening the 
polymer chains and enhancing the CTCs formation. Both permeability and selectivity 
of P84 membranes are significantly improved after the addition of zeolite 5A and 
13X. Additionally, zeolite 13X shows a better compatibility with P84 polymer than 
zeolite 5A. This is supported by the higher Tg, apparent UV-Vis spectral red shift and 
approximately the same O2/N2 selectivity of P84-20%13X membranes as the neat P84 
membrane. With an increase in zeolite 13X content, the mixed matrix structure 
becomes less homogeneous, as revealed by FESEM and the decreased O2/N2 
selectivity. The highest selectivity for pervaporation dehydration of IPA is achieved 
at 30wt% 13X loading, and then the selectivity drops considerably when more zeolite 
is added in the membrane. Different from O2/N2 gas separation, pervaporation is 
found able to tolerate the interstitial gaps existing between zeolite particle and 
polymer phase at a certain extent because of the bigger molecular size difference of 
permeants and the interactions between permeants and polymer chain in 
pervaporation process. The newly developed zeolite filled P84 membranes can 
effectively combine the superior properties of zeolite with the polymer matrix and 




CHAPTER NINE  
 
CONCLUSIONS AND RECOMMENDATIONS 
 
9.1  Conclusions 
 
An investigation of pervaporation dehydration process and the fabrication of 
membranes for the dehydration of alcohols by pervaporation process were carried out 
in this study. It consisted of four parts: 
1. Study of the thermodynamic and molecular aspects of the pervaporation process of 
dehydration IPA and butanol isomers through commercial pervaporation membranes.  
2. Fabrication of pervaporation membranes based on a commercially available 
material – P84 co-polyimide.  
3. Modifications and characterizations of P84 membranes cross-linked with diamine 
compounds.  
4. Investigation of the effects of the incorporation of zeolites 13X and 5A on 
membrane performance.  
 
The following conclusions were derived from this study. 
 
9.1.1  The dehydration of IPA and a comparison of coupled transport in 
aqueous IPA and butanol systems from thermodynamic and molecular aspects   
 
In Chapter 3, we studied the dehydration of aqueous IPA systems using two Sulzer 
commercially available polyvinyl alcohol (PVA)/ polyacrylonitrile (PAN) 
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membranes. We have (1) examined the membrane performance from the standpoints 
of flux vs. permeance and separation factor vs. selectivity plots and (2) determined 
the effects of membrane properties such as degrees of cross-linking and 
hydrophilicity on water and IPA flux and permeance and their separation factor and 
membrane selectivity. It was found that PERVAP 2201 has a tighter chain packing 
than PERVAP 2510, while PERVAP 2510 has stronger hydrophilicity than PERVAP 
2201. For PERVAP 2510, water permeance increased sharply with feed water 
concentration, but showed little dependence on temperature. For PERVAP 2201, 
water permeance showed less dependent on feed water concentration, but increased 
with increasing temperature. Both IPA flux and permeance increased with increasing 
feed water concentration and their relationship with feed water content can be 
mathematically explained. In addition, it was noted that the separation factor vs. feed 
water content plots may be misleading and exaggerate the water induced 
plasticization phenomenon. Another important finding was the coupling occurred 
between IPA and water transports. The degree of coupled transport was dependent on 
the membrane properties, such as the degree of cross-linking, affinity to water and 
structure responses on temperature rise. Compared to dehydration of other alcohol 
systems, the degree of coupled transport was found follow the order of 1-butanol > 2-
butanol > IPA ≥ tert-butanol. After examining many physicochemical properties of 
penetrants and membrane materials, it was concluded that the molecular linearity (or 
the aspect ratio) of penetrant molecules and their solubility parameters (as well as 
polarity parameter) determine the magnitude of coupled transport, while the effects of 
other physicochemical properties seem to be excluded if coupled transports become 
dominant in the dehydration process. 
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9.1.2  Fabrication and characterization of BTDA-TDI/MDI (P84) co-polyimide 
membranes for the pervaporation dehydration of IPA 
 
As discussed in Chapter 5, asymmetric membranes with superior selectivity and 
relatively high flux for pervaporative dehydration of IPA were successfully developed 
from a novel material P84 co-polyimide by a dry-wet phase inversion method. The 
best separation performance had a flux of 432g/m2hr and a separation factor of 3508 
at 60°C for a feed stream containing 85wt% IPA. The membrane showed 
imperceptible degree of swelling even at high feed water concentrations. Affecting 
solvent evaporation and gelation path of the asymmetric membranes, the non-solvent 
additives in polymer dopes yielded different membrane skin layer structures and 
performances. It was found that heat treatment at elevated temperatures can 
effectively enhance membrane performance because it not only smoothens membrane 
skin layer roughness but also reduces membrane defects and the d-space value of 
polymeric chains. Moreover, asymmetric P84 co-polyimide membranes’ performance 
was influenced by the history of thermal cycling. The testing cycle from 100°C to 
60°C had a more stable performance compared with that from 60°C to 100°C, 
indicating that a conditioning at a higher temperature is recommended. Thickness-
dependent pervaporation performance was observed for dense P84 membranes, and 
the pervaporation data from asymmetric P84 membranes were consistent with this 
observation. 
 
9.1.3  The sorption, swelling and permeation characteristics of P84 co-
polyimide membranes for pervaporation dehydration of alcohols 
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An in-depth study of sorption, swelling, and permeation of aqueous ethanol, IPA, and 
tert-butanol through BTDA-TDI/MDI (P84) co-polyimide membranes has been 
conducted as described in Chapter 6. The superior separation performance for 
aqueous IPA and tert-butanol mixtures mainly arises from four factors: (1) the 
compact polymer chain packing, (2) the lower affinity between P84 and IPA as well 
as between P84 and tert-butanol, (3) a high sorption selectivity, and (4) steric 
hindrance induced by bulky IPA and tert-butanol molecules. However, because of 
severe chain swelling and relaxation in ethanol/water solutions, P84 performed less 
impressively for the pervaporation dehydration of ethanol/water mixtures.  
 
9.1.4 Diamine modifications of P84 co-polyimide membranes for pervaporation 
dehydration of IPA 
 
In chapter 7, we investigated the effectiveness of chemical cross-linking modification 
of P84 co-polyimide membranes using diamine compounds for pervaporation 
dehydration and developed the scheme to enhance separation performance of 
asymmetric polyimide membranes. Two diamine cross-linking agents, namely, p-
xylenediamine and ethylenediamine (EDA) were used for both dense and asymmetric 
P84 membranes. Experimental results suggest that the cross-linking reaction induced 
by EDA is much faster than that by p-xylenediamine because the former has smaller 
and more linear structure than the latter. On the other hand, membranes cross-linked 
by p-xylenediamine are thermally more stable than that cross-linked by EDA. 
Membranes modified by p-xylenediamine or EDA have increased hydrophilicity. An 
increase in the degree of cross-linking reaction initially resulted in an increase in 
separation factor with the compensation of lower flux for pervaporation dehydration 
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of IPA. Further increase in the degree of cross-linking reaction resulted in low 
separation performance which probably due to the easily swelling up of the 
hydrophilic diamine compounds introduced to the polymeric backbones. It was found 
that post heat treatment after cross-linking reaction can significantly enhance as well 
as tailor membrane performance because the formation of charge transfer complexes 
(CTCs) were promoted and the degree of cross-linking reaction was somewhat 
enhanced. In general, the flux and separation performance of P84 membranes can be 
tailored by varying the cross-linking time and heat treatment temperature.  
 
 
9.1.5  P84-based zeolite mixed matrix membranes for pervaporation 
dehydration of IPA 
 
In the last part of this study, we developed zeolite 5A and 13X embedded P84 co-
polyimide membranes with enhanced permeability and selectivity for the 
pervaporation dehydration of isopropanol (IPA). It is found that a higher annealing 
temperature, i.e. 250°C is more favorable to improve adhesion between zeolite and 
polymer phase, and to enhance charge transfer complexes (CTCs) formation. FESEM, 
DSC and gas permeation results show that zeolite 13X has better compatibility with 
the matrix polymer than zeolite 5A because of stronger interactions between Na 
cations in zeolite 13X framework and electron acceptor groups of P84 polyimide. The 
addition of zeolite into the P84 dense membrane improves water sorption capacity 
and pervaporation separation performance significantly. Owing to the bigger pore 
size, lager pore volume, higher sorption capacity and better adhesion, the zeolite 13X 
incorporated P84 membranes has a much higher permeability than zeolite 5A filled 
membranes. Interestingly, both have comparably high selectivity possibly because of 
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the effects of chain rigidification and partial pore blockage. The addition of zeolite 
13X reduces activation energy for water permeation through the membrane but 
increases that for IPA permeation. However, the addition of zeolite 5A increases 
activation energy for both water and IPA permeation. Pervaporation permeability 
increases with zeolite 13X loading, while the selectivity achieves the maximum at 
30wt% zeolite 13X loading. When the zeolite 13X loading approaches 40wt%, the 
adhesion between zeolite and polymer becomes poor and the membrane selectivity 
declines. A comparison between pervaporation and gas separation results reveals that 
pervaporation membranes can tolerate a higher degree of interstitial defects than gas 
separation membranes because of stronger molecular interactions between the feed 
and the polymer, and the larger molecular size difference between penetrants in the 
former. 
 
9.2  Recommendations 
 
Based on the experimental results obtained and conclusion drawn from this research 
study, the following recommendation for future researches may provide further 
investigations related to the development of pervaporation membranes. 
 
9.2.1  Hollow fiber membranes 
 
The main findings in this study, i.e., the intrinsic properties of P84 co-polyimide 
membranes, the development of asymmetric flat membranes, the cross-linking 
modifications and the incorporation of zeolite particle into the flat membranes, would 
be beneficial to the future development of hollow fiber membranes. Hollow fiber 
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membranes have the advantages of large area to volume ratio, high packing density 
and self-supporting (Chung et al., 1997), therefore they are more feasible for practical 
applications. In order to save material cost, dual-layer hollow fiber membranes with 
P84 as an outer selective layer and another relatively inexpensive material as an inner 
support layer can be studied. 
 
9.2.2  Cross-linking with dendrimers and the investigation of cross-linking 
conditions 
 
We have chosen diamines which have two amine groups as the cross-linking agents 
to modify P84 membranes. Dendrimers which have a large number of amine groups 
and unique properties can be used for future studies. Besides, the effectiveness of this 
cross-linking method depended on polymer chemistry (Liu et al., 2001; Cao et al., 
2003; Tin et al., 2003; Shao et al., 2005b) and was affected by the solvent of cross-
linking agents (Liu et al., 2001). The effects of cross-linking on other polyimide 
membranes for pervaporation process and the application of other solvents for cross-
linking agents may be investigated.  
 
9.2.3  Incorporation of different types of zeolites and the modifications 
 
As shown in this study, zeolite which is hydrophilic and has large pore size help to 
enhance the dehydration membranes’ performance. In addition, the fabrication 
conditions and the interaction between zeolite particles and polymer matrix are 
crucial for the performance enhancement. Other zeolites which have similar 
hydrophilic nature, large pore size but different structure, such as zeolite beta, can be 
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investigated to understand the influence of zeolite structure on mixed matrix 
membrane formation and performance. In addition, the effects of different cations on 
zeolite and polymer interaction, the effects of zeolite particle size, the ways to 
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